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ABSTRACT
Hawthorn {Crataegus mouogyna) is a herb that has been used medicinally since ancient
times. In modern medicine it is known for its cardiotonic properties and is used as a
cardiovascular protective, hypotensive and hypocholesterolemic agent. In recent years
supercritical fluid extraction (SFE) has become more popular as an extraction method for
botanical material as it is an cnvironmcntally-fricndly method that can produce toxic-ffee
extracts. The optimal SFE extraction conditions for the extraction of antioxidant compounds
from both, hawthorn leaf & dower and hawthorn berries, using carbon dioxide, were
determined in this study. The optimized extracts were then compared to pre-prepared
commercial extracts, traditional and sonicated extracts (laboratory prepared) of the same
material. The extracts were tested for their total phenolic content using the Folin-Ciocaltcu
method and their antioxidant activity was determined using the DPPH radical scavenging
assay and the FRAP antioxidant assay. The extracts were also tested for their effect on lipid
and oxymyoglobin oxidation in bovine muscle model systems. All of the extracts exhibited
antioxidant activity in both sets of experiments; however the commercial leaf & flower
extract performed the best in all experiments. The SFE extracts did not exhibit high
antioxidant acti^ities compared to the other extracts and were amongst the lower performing
extracts in the DPPH and FRAP assays. However, the SFE extracts showed more potential in
the muscle model systems w'ith the SFE leaf & flower extract ranking among the extracts
with better capability of preventing lipid and oxymyoglobin oxidation. It was also determined
that there is a significant positive relationship between total phenolic content and the
antioxidant activities of the extracts. Antimicrobial activities of the extracts were examined
using the disc-diffusion assay. The results determined that none of the extracts tested
exhibited bacteriocidal activities.
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Chapter 1
Literature Review
Supereritical fluid extraction of botanicals

ABSTRACT

Supercritical fluid extraction of botanicals has grown in popularity in recent years
because of a greater demand, and need, for environmentally-lfiendly extraction
methods that produce non-toxic extracts or extracts that arc required to fulfil clean
labelling requirements for use in food products. This method has been applied to
many products, including; medicinal products, foods and food by-products,
nutraceutical products and products for agricultural uses, amongst others. Botanical
materials are all unique and the conditions for their extractions vary. New extraction
protocols need to be established for each different botanical that is subjected to
supercritical fluid extraction. This review aims to outline the conditions of extraction
of specific botanical materials and also to give the reader an understanding of the
principles involved in supercritical fluid extraction.

1. INTRODUCTION

Solvent extraction dates back as far as prehistoric times and extraction processes have
constantly been evolving since then (Steytler, 1996). Conventional extraction from
botanical materials usually involves the use of large amounts of organic solvents. In
recent times there has been growing concern over the detrimental effects that these
solvents may have on our health and on the environment. Conventional techniques are
also very time consuming, work-intensive and can have low selectivity for specific
compounds. New techniques for extraction of compounds from botanical materials
began being explored to overcome these problems. Supercritical fluid extraction
(SFH) is one of the biggest areas of interest (King, 2000). Hannay and Hogarth
(Hannay and Hogaith, 1879) observed in 1879 that some solutes had the ability to
dissolve in supercritical fluids. Howc\'cr, because the method was not clearly
understood for some time and because the problems mentioned abo\’e in regard to
organic solvent extraction did not become an issue until quite recently, SFE only
began being intensely researched in the 1960’s. Therefore, it is still a relatively new
technique (Steytler, 1996) and one which continues to evolve in terms of capability
and performance.

Figure 1. Pressure-temperature diagram for a pure component ( P = Pressure, T
= Temperature) (McHugh and Krukonis, 1986)

Table 1. Critical constants of fluids that are common solvents (Reid et al., 1987)

Fluid

Temperature (°C)

Carbon dioxide
Ethane
Ethanol
Methanol
Nitrous oxide
Water

31.1
32.4
240.9
239.6
36.6
374.3

Pressure
MPa Bar
7.38
73.8
4.88
48.8
6.14
61.4
80.9
8.09
7.24
72.4
22.12 221.2

SFE has many advantages over conventional extraction methods because of the
distinctive properties of supercritical fluids.
•

Supercritical fluids can penetrate into the pores of solid materials more
effectively because they have lower viscosities and higher diffusivities than
liquid solvents. This allows for much shorter extraction times as the solvent
can enter the material and extract the desired compounds in a much shorter
time than by conventional means (Lang and Wai, 2001).

When using SFE, the solvent is being forced under pressure continuously
which can allow for complete extraction from the sample material (Stashenko
et al., 1996).
By changing the pressure and temperature of a supercritical fluid, the solvating
power of the supercritical fluid can be manipulated which can allow for high
selectivity of specific compounds {Steytler, 1996).
A sohent-free extract is obtained as carbon dioxide (CO2), the most commonly
used solvent in SFE, is separated easily upon collection by depressurization as
it is a gas at room temperature and pressure. This eliminates the step of
removing the solvent from the extract which has to be performed after
conventional extraction (Lang and Wai, 2001; Biaz-Rcinoso ct al., 2006;
1 lerrero et al.. 2010).
Heat-sensitive compounds can be obtained without being degraded or
decomposed as the extraction can be carried out at reduced temperatures.
There is also no light or oxygen exposure during the extraction which prevents
the samples from becoming oxidised (Diaz-Reinoso et al., 2006).
If an organic solvent is used in SFE only a small amount is usually used
compared to conventional extraction. When an organic solvent is used, it is
referred to as a modifier or co-solvent. Modifiers arc highly polar solvents
used to extract polar compounds from the sample matrix and which cannot be
extracted by the supercritical fluid alone (Herrero et al., 2006).
SFE can be coupled directly to chromatographic methods, c.g. gas
chromatography. This is advantageous when extracting volatile components
that may be easily lost from one step of the process to the next (Kim et al.,
2006).

•

Extracts obtained from aromatic herbs by SEE have been widely reported to
exhibit antimicrobial activity and in some cases, have been shown to be more
potent than equivalent ethanol-derived extracts (Dfaz-Reinoso et al., 2006;
Hcrrcro ct al., 2010).

•

The extraction process can be controlled allowing for the CO2 to be recycled
(Herrero et al., 2006). As the system is a closed loop, small amounts of CO2
solvent can be used and then re-used (Cardozo et al., 2007).

CO2 is the most commonly used supercritical lluid in the extraction of botanicals and
is the focus of this paper. Several solvents such as; ethane, methanol and nitrous oxide
have been used in SEE but CO2 is the most suitable for plant extracts (Herrero et al.,
2006). CO2 is the most widely used solvent because it is cheap, non-toxic, nonexplosive (Ramsey, 1098), cnvironmentally-friendly and has low critical constants
[critical temperature 31.1°C. critical pressure 7.38 MPa (73.8 bar)] (Reid et al., 1987).
The Food and Drug Administration (FDA) and European Food Safety Authority
(EFSA) also recognise CO2 as being safe for use which makes it especially suitable
for use with natural plant extracts for human consumption (Herrero et al., 2010).
The main disadvantage with CO2 is that it is a non-polar solvent, which means that it
is effective for extraction of non-polar compounds, e.g. hydrocarbons, but not very
effective for extracting highly polar compounds (Lang and Wai, 2001). However,
because of its’ large molecular quadrupole, it can extract some moderately polar
compounds (Ramsey, 1998). To overcome this problem a modifier can be added in
small quantities to extract the highly polar compounds. The most common modifiers
are usually ethanol or methanol (Ramsey, 1998). Using a modifier raises the question
as to whether the extraction can be termed environmentally-friendly. According to

Beckman (2004), each ease needs to be considered individually in order to make this
decision (Beckman, 2004). When a modifier is added to the extraction it adds an extra
step to the process as it has to be removed after the extraction is completed (Jublot et
al., 2004). When adding a modifier to CO2 it needs to be taken into account that the
mixture of the two solvents will result in the critical temperature being elevated. For
example, by adding 5% ethanol to CO2 the critical temperature is then raised to
42.5°C. Therefore, in order for the extraction to be performed under supercritical
conditions

the

appropriate

parameters

must

be

carefiilly

selected

for the

solvent/modifier mix (Adil et al., 2007). Addition of more than 330pl of ethanol as
modifier, to 3g of sample, reduced the extraction of valcrenic acids from valerian root
{Valeriana officinalis L.) as it was considered that the conditions were no longer
supercritical with the addition of that amount of modifier (Safaralie et al.. 2008).
Another problem when adding a modifier can be that undesired compounds may be
extracted because selectivity may be reduced with the addition of a modifier (Jublot et
al., 2004).
Limitations due to mass transfer may also be a problem that needs to be overcome
when using SFE. Diffusivity and viscosity express transport properties which can
affect the rates of mass transfer. Generally, diffusivity properties are higher and
viscosity properties are lower with supercritical fluids compared to liquid solvents.
This implies that solutes will dissolve more rapidly in supercritical fluids than in
liquid solvents. However, this docs not mean that mass transfer limitations will never
be a problem with SFE. For example, if a liquid is being used as a solute in SFE
resistance to diffusion in the liquid phase may possibly control the rate of overall
mass transfer (Jessop and Leitner, 1999). Differential mass balance equations are
commonly used for SFE. Models can include resistances in both or one of the bulk
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phases. Particle and bed characteristics are taken into account with these models by
looking at the porosity and diameter of the sample particles (Ozkal et al., 2005).
Although many assumptions are made using these models such as determination of
coefficients in equations, they emulate many mechanisms that contribute to the
general behaviour of extraction process (Subra et al., 1998). The direction of flow of
the supercritical fluid can also have an influence on the mass transfer resistance. An
enhancement in mass transfer can occur if there is a downward flow of solvent
compared to an upward flow, which can result in the extraction time taking longer
than if downward flow of solvent was applied (Stiiber et al., 1996).

Modifier

Figure 2. Diagram of a supercritical fluid extraction pilot plant equipped
with two fractionation cells. (1) C02 pump; (2) modifler pump; (3)
solid samples extraction cell; (4) fractionation cell 1; (5) fractionation
cell 2; (6) valve. (Herrero et al., 2006)

2. GENERAL ASPECTS OF SEE

CO2 becomes a supercritical fluid at a temperature and pressure above its previously
outlined critical point. Above this critical point, CO2 does not condense or evaporate,
but forms a fluid (Ramsey, 1998). Under these conditions CO2 possesses properties of
both a gas and a liquid (Herrero ct al., 2006). Its density and viscosity arc lower than
that of a liquid, but its diffusivity is higher (Martinez, 2008). The supercritical state
has been defined as “ a state in which liquid and gas are indistinguishable from each
other “ (Herrero et al., 2006). The high diffusivity of supercritical fluids gives them
good transpoH properties and allows them to diffuse easily into solid matrices
(Herrero ct al., 2006). The continuous changing of supercritical fluid properties as
pressure increases, from gas-like to liquid-like properties, allows for extraction to be
selective in many cases (Ramsey, 1998).
There are many operating parameters that may be adjusted for SFE. The selection of
operating conditions varies depending on the desired compounds to be extracted
(Rcvcrchon and Dc Marco, 2006). The main parameters that arc considered arc;
pressure, temperature, solvent flow-rate, particle size, extraction time and use of
modifier (Diaz-Reinoso et al., 2006; Martinez, 2008).
Pressure is the main parameter to be considered as it can be used to make extraction
more selective (Rcvcrchon and Dc Marco, 2006). In general, as the pressure increases
the solubility of compounds increases, at a constant temperature. Fluid density
increases with increasing pressure, increasing the solvent power of CO2 (Martinez,
2008). The pressure required to extract specific compounds depends on the polarity
and molecular mass of the compounds. For example, essential oils can be extracted at
prcs.surcs lower than 10 MPa (100 bar), whereas higher pressures can extract

compounds with a higher molecular weight such as polyphenols (Di'az-Reinoso et al.,
2006). If the plant material being used for SFE does not eontain any high molecular
weight compounds then an increase in pressure will not improve extract yield, e.g.
savory {Satureja Iwrtensis L.) In this study, a pressure range from 10-18 MPa (100180 bar) was tested. It was found that using pressure of above 12 MPa (120 bar) gave
no increase in yield (Esquivel et al., 1999).
Pressure and temperature are two parameters that need to be considered together for
SFE extraction. Increasing pressure, at a constant temperature, increases fluid density
which increases the solubility of compounds. Increasing the temperature, at a constant
pressure, decreases the fluid density and increases the vapour pressure of the
compounds. The decrease in fluid density results in a decrease of the solubility of the
compounds, but the increase of compound \ apour pressure enhances the ability of the
compounds to dissolve in the solvent. Therefore, there is competition between solvent
density and solute vapour pressure. The influence of temperature on the extraetion
yield is a result of two competing factors; an increase in solute volatility with a rise in
temperature and a decrease in solvent density with a rise in temperature. At pressures
close to the critical point, a moderate increase in temperature leads to a drop of the
fluid density, reducing solute solubility. However, at higher pressures a drop in fluid
density due to a rise in temperature is overcome by the vapour pressure increase and
solubility increases with temperature. This phenomenon is known as retro gradation
(Salgin et al., 2006; Martinez, 2008). This theory has been used to explain why a
higher pressure had a positive influence on the extraction yield from valerian root and
a higher temperature had a negative influence on the extraction yield (Safaralie et al.,
2008).

Extract fractionation can be achieved using SEE by modifying the solvent pressure
and temperature. Consequently, specific compounds can be separated from a mixture
during the same extraetion proeess. To achieve this, there are two steps to the
extraction process. Low pressure is used in the first step to extract compounds soluble
at low pressure. In the second step, high pressure is used to extract compounds with a
higher moleeular weight (Martinez, 2008). Simandi et al used this extraction
procedure to obtain fractions of different quality from oregano {Origanum vulgare L.)
(Simandi et al., 1998). Another example of a similar proeess is to remove the non
polar eompounds in the first step using CO2 alone, and then using a modifier in the
second step to remove the more polar eompounds (Martinez, 2008). Palma et al used
methanol as a modifier to extraet phenolic compounds from white grape seeds after
firstly extracting the oil using only CO2 (Palma et al., 1999).
Sequential depressurization is another method that can be employed to separate
specific compounds from a sample containing a mixture of eompounds. This is a
method that is often used in the extraetion of spices, in which the oleoresin and
essential oil fractions arc not soluble in the solvent at the same pressure or
temperature. Both fractions are extracted at the same high pressure, but the heavier
oleoresin fraction is collected in the first separator using an intermediate pressure
level. The essential oil fraction remains in the supercritical phase under these
conditions. Then with a further reduction of pressure, the essential oil fraction is
collected in the second separator (Martinez, 2008). (Figure 2)
The temperature employed for SEE depends on the nature of the compounds being
extracted. If the desired compounds are heat-sensitive the extraction temperature
needs to be kept as low as possible to prevent degradation of the compounds. It is
recommended for the extraction of heat-sensitive compounds that the temperature

should be kept somewhere between 35 - 60°C. An inerease in temperature, at
eonstant pressure, reduees the fluid density, therefore redueing the power of the
solvent, but the vapour pressure of the eompounds is inereased. This gives them a
greater tendeney to pass into the supereritieal phase (Reverehon and De Mareo, 2006).
As previously highlighted, at raised temperatures and pressures there is eompetition
between solvent fluid density and solute vapour pressure, whieh faetor is more
influential depends on the eompounds being extraeted. For example, temperature was
a more influential parameter than pressure in the extraetion of target eompounds horn
Magnolia officinalis (Cheah et al., 2010).
Solvent flow rate, eg. CO2, has a strong influenee on the extraetion rate of eompounds
from botanieal material. The slower the flow of the solvent, the more eontaet it ean
have with the solutes and therefore, the deeper it ean penetrate into the material and
aecess eompounds that are not elose to the surface of the material (Pourmortazavi and
Hajimirsadeghi, 2007). With an increased solvent flow rate, the extraction rate at the
beginning of the process is usually high as the surface compounds arc extracted at a
fast rate (Diaz-Rcinoso ct al., 2006). For the extraction of volatile oil from Italian
coriander seeds [Coriandnun sativum L.), Grosso et al observed that by increasing the
flow rate ofC02 from 0.79 kg/h to 1.56 kg/h, the time to achieve complete extraction
was reduced from approximately 280 minutes to approximately 150 minutes.
However, the reduced time also decreased the total yield obtained (figures for the
yield arc not reported). Consequently, there was no difference in the composition of
the oil obtained at the increased flow rate (Grosso et al., 2008). The same effect was
obser\ed for the extraction of celery seed oil (Papamichail et al., 2000).
Particle size of the sample material can have an effect on the extraction yields and
their composition. In general, the smaller the particle size, the higher the extraction
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rate, as there is more surface area exposed to the solvent. The extraction rate also
increases with smaller particle size as rigid structures inside the solid material are
broken down by grinding the material making them more accessible to the solvent
(Martinez, 2008). This theory is supported by the research of Smelcerovic et al, in
which smaller particle size increased the yield from Hypericum perforatum L. under
high pressure (Smelcerovic ct al., 2004). They found that by decreasing the particle
size from 0.982mm to 0.470mm increased the extraction yield from 2.06% to 3.47 %.
However, this is not always the case. In the extraction of essential oil components
from lemon-scented botanicals, a decrease in particle size resulted in a decrease in
extraction yield (figures not reported by the autlior). This was not the anticipated
result and was attributed to the loss of volatiles from the plants during the grinding
process (Rozzi et al., 2002). In some cases, particle size may have little or no effect on
extraction yield. For example, in the extraction of active principles from Magnolia
officinalis, particle size was not an inilucntial parameter in SFE (Cheah et al., 2010).
There may, however, be a problem if very small particles sizes are used for SFE. If
particles sizes arc too small channelling may occur in the extraction bed. Flow of the
solvent through these channels can prevent it from making contact with all of the
sample material, thus causing a decrease in extraction yield (Reverchon and De
Marco, 2006).
Extraction time varies greatly and is dependant on the compounds being extracted and
the operational parameters being used (Diaz-Reinoso ct al., 2006). The majority of
SFE extractions conducted include a static extraction period and a dynamic extraction
period. During the static period the sample material is in contact with the solvent but
there will not be a continuous flow through of solvent. The static period can vary in
duration from as little as 1 minute (del Valle ct al., 2004) up to as much as 1 hour

13

(Peng ct al., 2006) depending on the desired extractible compounds. In the d>Tiamic
period there is a continuous solvent flow through the material and the extract is being
collected at the outlet. The dynamic time also varies depending on the specific
compounds being extracted. For example, 30 minutes was deemed sufficient

to

extract most of the baicalin h orn roots of Scutellaria haicalensis (Chang et al., 2007),
whereas a 4 hour extraction time is recommended for the extraction of minor
components from Vitex agmis castus fruit. It does need to be taken into account
however the large sample size used (O.Skg) in this study (Cossuta et al., 2008). This
large sample size may make it necessary to utilize a long extraction time when
compared to other studies using smaller sample sizes.
Supercritical COi alone, as a solvent, is sufficient to extract lipophilic compounds and
oils, but is not sufficient for the extraction of higher molecular weight, highly polar
natural compounds such as phenolic antioxidants (Diaz-Reinoso et al., 2006). This
was evident in a study by del Valle et al which showed that active antioxidant
compounds could not be extracted with CO2 alone (del Valle et al., 2004). In such
instances a polar modifier may be used which will interact with the desired
compounds in the material. A polar modifier increases the solubility of polar
compounds in the sample material. It does so by causing structures in the material to
swell and by breaking analyte-matrix interactions (Hamburger et al., 2004). The most
commonly used modifier with botanical materials is ethanol. This is because many of
the extracts arc for human consumption and therefore, other modifiers may not be
suitable because of toxicity. Methanol is also commonly used but these extracts could
not be used for human consumption. Table 2 outlines how different percentages of
ethanol can affect SFE’s with CO2
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Table 2
Effect of ethanol on SEE of specific botanical compounds with CO2 (DiazReinoso et al., 2006)

% Ethanol
2
5
10
15

Extracted Compounds
Low Molecular Weight Phenols
Catechin & Epicatechin
Epicatechin Gallate
Proanthocyanin Dimers

The addition of 10% ethanol as a modifier, using 0.4g sample, greatly enhaneed the
extraction efficiency of carotenoids from pumpkin (Shi ct al., 2010). The extraction of
the tlavonoid apigenin-7-glucoside was improved with the addition of 5% methanol
as modifier. However, this was not considered as a method that could be used on a
large-scale basis because of the danger oi' using a hazardous organic solvent like
methanol (Sealia ct al., 1999).
The type of botanical material being used for extraction needs to be taken into
consideration when using SFE. Factors such as the cultivar and variety of plant being
used can affect the extraction process, as w'ell as where the plant is grown, and any
pre-treatments that the materials have been subjected to (Senorans et al., 2000). For
example, environmental conditions were seen to influence the content of purine
alkaloids found in Ilex paragitariensis (mate) samples grown in three different sites.
The average figures for purine alkaloids of samples from each of the three sites
differed, which was mainly attributed to different soil conditions at each site and
possibly slight differences in the fertilization processes at each site (Cardozo et al.,
2007). Drying conditions were suggested to have a great influence on the antioxidant
activity of extracts from rosemary plants {Rosmarinus officinalis L.). Plants dried at
ambient conditions in a ventilated place produced the best results for antioxidant
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activity when extracted by SFE. These drying conditions were observed to be better
than oven drying at 45°C or vaeuum rotary evaporation at 35°C (Ibanez et al., 1999).
Another factor to consider with SFE of botanical materials is the negative effect that
moisture contained in the sample can have on extraction efficiency. Some analytes
may have a greater affinity for the water present in the sample than for the CO2, thus
making the extraction less efficient. Addition of a drying agent may help with this
problem (Ramsey, 1998). Water can also cause restrictor clogging to occur during
extractions. Burford et al (Burford et al., 1993) found that anhydrous and
monohydrated magnesium sulfate, molecular sieves 3A and 5A and Hydromatrix
were agents that could successfully prevent this clogging from occurring by retaining
the water in the extraction vessel. Weathers et al (Weathers et al., 1999) observed that
2,2- dimethoxypropane (DMP) could counteract the negative effects of water on the
extraction of f^-carotene from paprika samples. Silica gel could successfully retain
water during the extraction of characteristic aroma compounds form frozen strawberry
samples. The silica gel was used at a ratio of 2:1, berries; silica (Polcscllo et al.,
1993).

3. EXTRACTION OF BOTANICAL COMPOUNDS FOR USE IN NATURAL
PRODUCTS

3.1 Extraction of alkaloids fi'om botanical material

Alkaloids are probably the most potent group of constituents found in plants. They
can have profound effects on the human body and mind, c.g. mescaline is a
hallucinogenic agent and brucine can have poisonous effects. Alkaloids can act on
many different parts of the body, including the digestive system, the nervous system
and the liver (Hoffman, 1990). However, alkaloids can also have positive effects on
the body. Caffeine is not recommended for consumption in cases of insomnia,
nervous tension and ulcers (Casscl ct al., 2010), but it is beneficial for reducing the
appearance of cellulite (Velasco cl al., 2008) and can stimulate the central nerMuis
and circulatory systems and muscles (Cardozo et al., 2007) and is therefore widely
used in the cosmetic and pharmaceutical industries (Cassel et al., 2010).
Consequently, it may be desirable to remove caffeine in some cases because of toxic
effects (Casscl et al., 2010), while on the other hand it may be removed for fiirthcr
uses and to increase trade (Cardozo ct al., 2007). The oven-dried leaves of mate (Ilex
paraguariensis St. Hil.) are widely used in South America to make a tea-like
beverage. The plant contains the purine alkaloids caffeine and theobromine (Cardozo
et al., 2007). Selective liquid CO2 (Cardozo et al., 2007) and supercritical CO2 (Cassel
ct al., 2010) were used to extract these compounds. A modifier was employed for the
supercritical extraction. Methanol and a mixture of water-acetic acid (AA) were
employed in the preparation of the sample in the supercritical extraction. Analysis by
HPLC, comparing liquid CO2 extraction and conventional aqueous ethanol extraction,
17

showed that conventional extraction was non-sclcctivc for purine alkaloids.
Additionally, the time of analysis was reduced by 83% using liquid CO2 extraction
compared with conventional extraction. It was observed in both extractions that
caffeine was more readily extracted than theobromine. Because of differences in the
structures of the compounds, caffeine was more soluble than theobromine (Li et al.,
1991; Saldana ct al., 1999). In the supercritical extraction, the optimal conditions for
the decaffeination o\' Hex paraguariensis St. Hil. were observed to be 15 MPa (150
bar) and 50.15°C. Pressure of 15 MPa (150 bar) and temperature of 20°C were
employed for the liquid CO2 extraction as high temperatures would have caused the
extraction to be completed under supercritical conditions.
CathanuUhus roseiis (L.) G. Don is an important source of terpenoid indole alkaloids.
The major alkaloids present in the plant are vindoline, catharanthine and 3’, 4’anhydrovinblastine, which are precursors of vinblastine and vincristine (Sottomayor et
al., 1998). These two alkaloids are widely used in the treatment of different types of
cancers (Noble, 1990). Using SFK for the extraction of the three major alkaloids
present in Catliarantlius (frcczc-dricd leaves used for extraction), catharanthine was
the only compound that achieved 100% recovery at optimal conditions [pressure: 25
MPa (250 bar), temperature; 80°, sample size: lOOmg, extraction time: 40 mins and
modifier (methanol): 6.6%]. SFE was compared to other extraction procedures and
the best methods of extraction for vindoline and 3’, 4’- anhydrovinblastinc were
determined to be Soxhlct extraction and solid-liquid extraction, respectively. The SFE
extracts were much cleaner extracts when compared to the Soxhlet and solid-liquid
extracts. Therefore, even though SFE could not achieve total recovery of the three
alkaloids, the fact that it produces cleaner extracts, free of large amounts of toxic.
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non-user friendly organic solvents, such as dichloromcthanc, may make it a more
attractive extraction method (Verma et al., 2008a).
SFE of indole alkaloids from Tahenuiemoutana catharinensis branches (dried
naturally) were investigated by Pereira et al (Pereira et al, 2007). The study mainly
focused on the feasibly of using SFE to extract the alkaloids as a means of treating
leishmaniasis, a disease that can be fatal and effects people in 88 countries across 4
continents. The conventional treatment is with antimonial drugs which cannot be used
by patients with some other specific illnesses. Administration of the drugs is a
prolonged process and they can also cause many side effects. Alkaloids extracted
from the synonymous Peschiera australis, were shown to have antilcishmanial
activity in vitro (Dclorcnzi ct al, 2001), which shows the potential of these alkaloids
for treatment of the disease. To calculate the overall costs of using the extracted
alkaloids as an alternative treatment for leishmaniasis, two different cases were taken
into consideration. The first case used pressure of 35 MPa (350 bar), temperature of
45°C, 12.15g of sample and 5% ethanol as modifier, and also naturally dried material
The second case considered derived the operational parameters from a previous study
conducted by the same researcher (Pereira et al, 2004) which were; pressure of 30
MPa (300 bar), temperature of 55°C, 1.6g of sample and 10% ethanol as modifier.
Cost of fractionation processes were also derived from the previous study. It was
estimated that there could be a 96% reduction in costs to treat the 400,000 new cases
that arise every year if using the SFE extracts from Tahernaeniontana catharinensis
when compared to using glucantime, a conventional treatment for the disease (Pereira
et al, 2007).
The optimal SFE conditions for the extraction of the three quinolizidine alkaloids;
matrinc, oxysophocarpine and oxymatrine, from the dried roots (drying method not

mentioned) of Sophora jlavescens were; pressure of 25 MPa (250 bar), temperature of
50°C, flow rate of CO2 at 2 I/min, sample size of 5.5g and flow rate of modifier (75%
ethanol) at 0.04 ml/min. The compounds were separated and purified using high
speed counter-current chromatography (HSCCC). All three extracts had a purity of
over 95% using this method (Ling et al., 2007).

3.2 Extraction of antioxidant compounds from botanical material

There is great interest in the area of natural antioxidants in the food industry. Because
of the possible toxicity of synthetic antioxidants such as butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), tertiary butylhydroquinone (TBHQ), etc,
natural antioxidants are beginning to replace synthetic antioxidants (Babovic et al.,
2010). Antioxidants arc also of great interest in terms of their maintenance of health.
Antioxidants can protect us from diseases involving free radicals and reactive oxygen
species and they can also stimulate our immune systems to help protect us from
disease (Passwater, 1997).
The antioxidant activity of lotus germ oil (Nelumho nucifera Gaertn.) was
investigated by Li et al (Li et al., 2009) . The conditions of extraction were: 32 MPa
(320 bar), 50°C, 2 hour extraction time and CO2 flow rate of 0.5 L/min. Lotus germ
sample (200g), with a moisture content of 5.06 ± 0.20%, was used. The main
components, identified by GC-MS, found in the oil, in decreasing order, were; linoleic
acid, phytol, phenolic compounds, hexadecanoic acid, oleic acid, linolenic acid,
carotene, gamma-sitosterol and caryophyllenc. There was also a very high content of
tocopherol in the extract. A number of tests were conducted to evaluate the oils
antioxidant activity. The best results were obtained in the lipid peroxidation test using

20

illo'^ ^0
A. i I Cf 4

3

mice liver and kidney cells. Lotus germ oil inhibited the MDA (malondialdehyde, a
cytotoxie product of lipid peroxidation) level by 83% in kidney tissue and 94% in
liver tissue at a coneentration of 1 mg/ml. The weakest results were obtained for the
superoxide anion tree radieal scavenging test. The best result was 25% scavenging
activity with 70 mg/'ml which was very low in comparison to the other tests. The
antioxidant activities of lotus germ oil arc mainly attributed to the high levels of
phenolics and tocopherols in the oil but the high content of unsaturated fatty acids and
carotene may also play a role in the activity. Another study that did not employ the
use of a modifier involved SFE extraction of air-dried Magnolia officinalis bark. The
optimal extraction conditions were: 40 MPa (400 bar), 80°C and extraction time of 40
mins. A sample size of lOg was used for extractions. Lower yields were recovered
with SFE but they displayed stronger antioxidant activity than pressurized liquid
extracts and Soxhlet extracts (Cheah et al., 2010).

Cork Institute of Technology

SFE of two agrimony species, A.eupatona and A.procera (VensKutonis et al., 2008),
were compared with acetone, methanol and aqueous extractions (Venskutonis et al.,
2007). The flowering plants were dried at 30°C in a drying room. The highest yields,

and also the extracts displaying the best antioxidant activity, were the ones extracted
with 1% ethanol as a modifier at 25 MPa (250 bar) and 35°C. Sample size was not
reported. It was also observed that a higher extract concentration displayed a higher
rate of radical scavenging activity; 0.1% and 0.07% extract concentrations were used
and the 0.1% extract exhibited better radical scavenging activity. For the A.eiipatoria
extract, the highest percentage scavenging observed in the DPPH (2,2-Diphenyl-1picrylhydrazyl)

assay

was

52.4%

and

in

the

ARTS

[2,2'-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid)] assay it was between 30-35%. For the
A.procera extract, 46.7% scavenging capacity was the highest activity observed in the
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DPPH assay and in ihc ABTS assay it was between 40-45% aetivity. The yields
obtained with all of the other solvents were higher than the SFE extracts. In the
conventional extracts, the best results in the DPPH assay were observed for the
acetone extract fractionated with n-butanol. This fraction exhibited a radical
scavenging capacity of 97.5%. In the ABTS assay, the highest percentage of radical
scavenging was observed for the aqueous fractionated acetone extract. This fraction
exhibited a radical scavenging capacity of 79.5%. Hexane fractionated acetone
extraets provided the worst radical scavenging results from the conventional extracts,
with figures being much lower than those for the SFE extraets. The authors
commented that a higher percentage of ethanol may be required to extract polar
compounds to achieve better results with SFE and that a two-step fractionation may
then be a better option.
Two-step fraetionation can be used to divide an extract into two different fractions
with different qualities. A higher pressure is used in the first separator; therefore there
is a higher fluid density, so the antioxidant compounds should be precipitated in the
first separator. Total decompression should take place in the second separator where
there will be lower fluid density and the essential oik along with aroma, will
precipitate out. This type of fractionation was used to extract antioxidants from
naturally dried Rosmarinus officinalis L. The best antioxidant extracts were obtained
under the following conditions; extraction pressure of 35 MPa (350 bar), extraction
temperature of 50°C, separator 1 pressure of 20 MPa (200 bar) and temperature of
50°C; separator 2 pressure of 20 MPa (200 bar) and temperature of 25°C. 60g of
sample were used for extractions. The fluid density was reduced from 0.9 to 0.78 g/ml
and there was no modifier present during the extraction. Other conditions did include
2% ethanol as modifier, but less aetive antioxidant extracts were obtained for those
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extraction conditions. Carnosic acid was found to be the main compound responsible
for the antioxidant activity (Sehorans et al., 2000). The fractionated extraction of
naturally dried Origanum vitlgare L. was based on the same procedure as the previous
rosemary study. The optimal conditions for the extraction of antioxidant compounds
and which also gave the highest yields were; extraction pressure of 25 MPa (250 bar),
extraction temperature of 40°C, separator 1 pressure of 10 MPa (100 bar) and
temperature of 40°C, separator 2 pressure of 20 MPa (200 bar) and temperature of
2()°C and extraction time of 50 mins with 30g of sample being used for each
extraction.. The lluid density was reduced from 0.87 to 0.62 g/ml. These conditions
produced two clearly differentiated fractions. The first fraction obtained under these
conditions ga\’c the best antioxidant activities. This fraction had an ECso of 53.8
pg/ml. This is the amount of extract required to reduce DPPH radical concentration
by 50%. Similar results were obtained for the B-carotene assay. Flavone-1 was the
only compound identified that was linked with the antioxidant activity (Cavero et al.,
2006). A different type of two-step, fractionation was used for the extraction of
antioxidants from Finns pinaster (Maritime pine bark). In the first step, the bark was
extracted with C()2 alone in order to extract the non-polar fraction. There was a 10
min static period and then a 90 min dynamic extraction period. In the second step,
CO2 and modifier ethanol (10%), were introduced for a 90 min dynamic extraction
period to extract the polar compounds. Sample size was not reported. The antioxidant
activities were lower in the extracts collected in the first separator compared to the
extracts collected in the second separator. Higher antioxidant activities were observed
for the extracts that were obtained at 30°C and in the pressure ranging from 15-25
MPa (150-250 bar). This corresponds with these extracts having a higher content of
catcchin and epicatechin. Compared to Soxhlct extraction, a higher amount of
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catcchin and epicatechin were extracted using SFE under optimal conditions.
Catechin and epicatechin contents obtained by Soxhlet extraction were 24-88% lower
than the amount obtained in the second separator using SFE (Braga et al., 2008).
Liu et al (Liu et al., 2011) used SFE to extract tlavonoids from the dried stigmata of
maize {Zea mays) mature flowers and investigated the extracts antioxidant properties
using a nitrite-scavenging assay. The flavonoids from the stigmata are considered to
be responsible for its therapeutic properties. From the parameters that were
investigated the optimal conditions to obtain the highest tlavonoid yield (4.24 mg/g)
were 41.80 MPa (418 bar), 50.88°C, 120 mins extraction time, particle size of 0.4 mm
and 20% aqueous EtOH as modifier, with 2.488 ml/g being the optimal amount for
use. The highest nitrite-scavenging ability of the tlavonoid rich extract was 88.1 ±
.T04%. The scavenging ability was seen to be concentration dependant, with the
highest concentration of 500 pg/ml producing the best results. A high pH had a
negative effect on the scavenging ability of the extract and the lowest pH of 3.0 gave
the best results.
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3.3 Extraction of llavonoids from botanical material

Flavonoids appear as white and yellow pigments in plants. There are many classes of
flavonoids, but the classes that are most commonly found are tlavones and tlavonols.
Many therapeutic properties have been attributed to flavonoids, including, antiviral,
antioxidant, anti-inflammatory and hepatoprotcctivc (Pcngclly, 2004).
The optimal conditions for the extraction of flavonoids from the Chinese herb
Pueraria lohata (drying method not mentioned) were; 20.04 MPa (200.4 bar),
50.24°C, 181.24ml of ethanol as modifier and a sample size of40g. Extraction time
was a total of 90 mins (10 mins static and 80 mins dynamic). The addition of modifier
was observed to greatly improve the extraction of llavonoids (Wang ct al., 2008).
Before extracting the llavonoids from the leaves of naturally dried Acaiuhopaiiax
scnticosus Harms, Lm et al (Liu et al., 2007) pre-treated them using Soxhlet
extraction using petroleum ether to remove chlorophyll and other unwanted
substances which interfered with the extraction of flavonoids. Ethanol was also used
as the modifier in this study. A total of 80 ml of 80% ethanol was the most effective
amount for extraction of llavonoids and a sample size of 50g was used for extractions.
The other optimal conditions were a pressure of 32 MPa (320 bar), temperature of
5()°C and extraction time of 180 mins (30 mins static and 150 dynamic). The flow rate
was 8 kg/h. The SEE extracts were compared with a conventional extraction that used
ethanol under reflux for 3 hrs. This extract was also treated with petroleum ether for
removal of unwanted substances and rotary evaporated residue was dissolved with
methanol for analysis. The yield from SEE was 2% higher than the conventional
extraction. Orotinin, orotinin-5-methyl ether and licoagrochalcone B, three specific
flavonoids, were extracted from Patrinia villosa Juss (drying method not mentioned)
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by SFE. The extraction conditions were; 25 MPa (250 bar), 45°C, methanol as
modifier (20%), extraction time of 6 hours (1 hr static and 5 hrs dynamic), flow rate
of 40 kg/h and 40-60 mesh particle size. 5kg of sample was used for the extractions.
After SFE extraction (crude extract I) the extracts were redissolved in methanol and
then evaporated to dryness (crude extract II). This second step greatly improved the
amount of flavonoids extracted. Crude extract II was then subjected to purification
and analysis. This extraction method recovered extracts of the three flavonoids that
were almost 100% pure, as determined by HSCCC (high-speed counter-current
chromatography) and FIPEC (Peng et al., 2006).

3.4 Extraction of pharmacological compounds from selected medicinal herbs

Extracts from St. John’s wort have known antidepressant properties. However, there
are still disagreements over which active compound is responsible for these
antidepressant properties. Some studies conclude that hyjiericin is the responsible
active compound, whereas others propose the activity of hyperforin (Reverchon and
De Marco, 2006). Glisic et al (Glisic et al., 2008), found that a pressure of 10 MPa
(100 bar) and temperature of 40°C produced the greatest total extraction of hyperforin
and adhyperforin from St. John’s wort (drying method not mentioned) when 30g of
sample was used. They found that extraction was strongly dependant on CO2 density
and that a density between 600 and 700 kg/nv^ was favourable for extraction. No
hypericin was extracted under these conditions. St. John’s wort was also extracted
with methanol using ultrasonic extraction, with the material being pre-treated. The
pre-treatment involved subjecting the material to a pressure of 10 MPa (100 bar) and
temperature of 50°C for 2 hours without a dynamic How of CO2, This type of
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extraction produced higher yields of hyperforin, adhyperforin and hypericin than
when the extraction was carried out without pre-treatment of the material. When the
sample was not pre-treated the total extract was 143±20 mg/g whereas when the
sample was pre-treated prior to extraction the total extract was 158±24 mg/g.
Catchpolc ct al (Catchpolc et al., 2002) also observed that hypericin was not extracted
under supercritical conditions using conditions of 25 MPa (250 bar) and 30 MPa (300
bar) at 40°C and 30 MPa (300 bar) at 50°C, even with the use of ethanol as a
modifier. Sample size used was not reported. They also used dried material, with
method of drying not being mentioned either. Flavonoids weie also not extracted,
with or without ethanol as modifier, whereas hyperforin was easily extracted with and
without modifier. At supercritical conditions two fractions were generated; the first
containing the oleoresin, which had a much higher yield of hyperforin and
adhyperforin, and the second which contained the essential oil. A liquid C'02
extraction was also conducted which was the most selective extraction for hyperforin
and adhyperforin. Liquid CO2 extraction took place at 7 MPa (70 bar) and 22°C. Just
one fraction was generated for this extraction.
In the same study by Catchpolc et al (Catchpolc et al., 2002), saw palmetto (Serenoa
repens) was also extracted using SFE. Dried berries were used but the drying method
or sample size were not mentioned. The main therapeutic use of saw palmetto is for
the treatment of the symptoms of benign prostate hyperplasmia (Blumenthal ct al.,
1998). Two different fractions were generated in the extraction of the herb. By having
two fractions, the aroma is reduced in the first fraction, which is the fraction
containing the desirable compounds. The extracts were analysed for their content of
B-sitosterol using GC. At 28 MPa (280 bar) and 40‘^C, the B-sitosterol content of the
first fraction was 0.23% (mass of dry berries), whereas the content in the second
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fiaction under the same conditions was 0.05%. Free fatty acids make up the majority
of the extracts. No one component of the extract has been found to be responsible for
the therapeutic properties of saw palmetto.
Dias et al (Dias et af, 2012) used a different type of fractionated extraction procedure
to extract spilanthol (an alkylamidc) horn three different parts (flowers, leaves &
stems) of Spilanthes acmella var oleracea. Spilanthol is the compound mainly
responsible for the anti-inflammatory, antiseptic and anaesthetic properties of the
plant. In the first step of extraction, ground raw material (5 - 8g) was extracted with
SC CO2 at 25 MPa (250 bar) and 50°C. In the second step, the same material was
extracted with SC CO2 under the same conditions but with the addition of EtOH or
II2O, or a 50:50 mixture of both, as a modifier. The modifiers were added at a 70%
v/v proportion. For each step the How rate of CO2 was 3.5 X Kf^ kg/min and there
was a static time of 30 mins and a dynamic time of 180 mins. These extracts were also
compared to a conventional Soxhlet extraction with EtOH and a hydro-distillation
extract. The highest global yield was obtained from the 2"‘^ step extraction of the
leaves with IfO as modifier (39.21 ± 3.51%). This was very high compared to the
highest yield obtained by SFE without the use of a modifier, which was from the
(lower extract (4.82 ± 0.47%). SFE without the use of modifier was especially
selective for spilanthol from the dowers (65.04 ± 0.9%) and appeared that the
majority of this compound was extracted in the first extraction step. The first step SFE
extraction was far more efficient at extracting spilanthol from all parts of the plant
than the other methods.
Flavonoids and terpenoids are the most important active compounds in Ginkgo hiloha
leaf extracts. Ginkgo is used to prevent and reduce memory deterioration. It can
improve blood flow to the brain and also has antioxidant and anti-inflammatory
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properties (Hcinricli ct al., 2004). Coiripounds from naturally dried, green ginkgo
leaves were first extracted with 70% ethanol before SFE extraction by Yang et al
(Yang et al., 2002). Modifier was observed to be the most significant variable in the
extraction. Ethanol used at 10% as modifier produced decreased extractions of total
tlavonoids and total terpenoids compared to 5% ethanol as modifier. The sample size
used was between l-5g. The optimal conditions for extraction were pressure of 30
MPa (300 bar), temperature of 60°C and modifier of 5% ethanol. The SFE of ginkgo
leaves was also compared to extractions using conventional organic solvents. The
total content of Havonoids and terpenoids was higher in SFE extracts when compared
to conventional extracts.
Fclfoldi-Gava et al (Fclfoldi-Gava ct al., 2012) used SFE to extract bioactive
compounds from Aluiis ghiiuosa (common alder) dried bark, focusing on the
extraction of pentacyclic triterpenoids. Research has shown that these ty^^es of
compounds can exhibit anti-tumoral, anti-viral, anti-HIV, antibacterial, antiinilammatory, antioxidant and hcpatoprotcctivc properties. Soxhlct extraction using nhcxanc and 96% EtOH were also carried out for comparison. The highest yield, using
SFE, of 3.81% was obtained using 30 MPa (300 bar), 60°C and 10 % EtOH. For all of
the SFE extractions the How rate was 7 kg/hr, the extraction time was 1 hr and 800g
of sample were used. Interaction of pressure and temperature and a rising amount of
modifier increased the yield obtained. The yield from the cthanolic Soxhlct extraction
was about ten times higher than the yield from SFE extraction. The yield using
Soxhlet extraction with n-hexane was 2.30%. The yield for the ethanolic extract was
so much higher than the SFE or n-hexane yield because the ethanol extracted many
unwanted polar compounds, whereas with SFE and n-hexane the extractions were
more selective because of their non-polar nature. Even though the ethanol extraction
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obtained the highest yield, the eoncentration of active compounds was very low. A
total of 11 pentacyclic triterpenoids were identified using TLC, GC-MS. LC-MS and
RP-HPLC.
Baicalin, a tlavonoid present

in Scutellaria baicalensis Georgi, has many

pharmacological properties including anti-inflammatory effects (Krakaucr et al.,
2001) and can induce cell apoptosis (Chan et al., 2000; Ueda ct al., 2002). Chang ct al
(Chang et al., 2007) found that the optimal conditions for the SFE extraction of
baicalin from the roots ot' Scutellaria baicalensis Georgi were using a pressure of 20
MPa (200 bar), temperature of 60‘^C, extraction time of 60 mins and the use of 1, 2propancdiol as a modifier. Ig of sample was used for the extractions. Methanol and
ethanol were also tested as modifiers, but 1, 2-propancdiol gave the best results. The
yield of baicalin using these conditions and also when using 70% methanol with SFE
was greater than the yield obtained using Soxhlet extraction with 70% methanol. It
should also be noted that the extraction time for the Soxhlet extraction, 7 hours, was
far longer than with SFE, which only needed 65 minutes for extraction.
The use of SFE for the extraction of rcsvcratrol, piccid and emodin from dried
(drying method not mentioned) Polygonum ciispidatum (Japanese knotweed) was
investigated by Benova et al (Benova et al., 2010). Resveratrol, also a component of
red wine, has anti-cancer, anti-intlammatory and antioxidant activities (Heinrich et al.,
2(J04). Piccid, a derivative of rcsvcratrol, also acts as an antioxidant and can help to
prevent cancer (Sales and Rcsurrcccion, 2009). Rcsvcratrol and piccid are both
classed as stilbenes. Emodin, an anthraquinone, acts as a laxative (Heinrich et al.,
2C»04). Acetonitrile (ACN) was the modifier of choice, over methanol and ethanol in
this study. Pressure of 40 MPa (400 bar), temperature of 100°C, sample size of Ig and
45 mins of extraction time were the chosen parameters for the optimal extraction of
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all three compounds. A 4 hour Soxhlet extraction using methanol was also conducted
for comparison with SFE. SFE was far better in terms of time needed for extraction
and was also a good method for the extraction of the lower polar compound emodin.
However, Soxhlet extraction enhanced the extraction of the stilbenes compounds,
which are more polar than emodin.
Piantino ct al (Piantino ct al., 2008) extracted the four phenolic compounds 3,5diprenyl-4-hydroxycinnamic
(PHCA),

4-hyrdoxycinnamic

acid
acid

(DFICA),

3-prenyl-4-hyrdoxycinnamic

(;?-coumaric

acid)

and

acid

4-methoxy-3,5,7-

trihydroxytlavone (kaempferide) horn the leaves of Baccharis dracunculifolia (traydried at 40°C) using SFE and also ethanol and methanol. DHCA, also known as
artepillin C, has been proven to inhibit lipid peroxidation and also pulmonary
carcinogenesis in mice as well as being a preventative factor in colon carcinogenesis.
The highest yields were recovered Irom the methanol extraction and the worst yields
were recovered with SFE. However, despite the low yields, the best recovery of the
compounds, with the exception of/;-coumaric acid, were obtained with SFE with the
optimal conditions of 40 MPa (400 bar), 60°C and using a sample size of 7g. Under
these conditions a yield of 0.948mg of DHCA/gram of leaves was recovered. The
ethanol extraction only recovered half of this and the methanol just 60% of this
amount. Higher yields of PHCA and kaempferide were also obtained using SFE
compared to the alcohol extractions. Ethanol extraction was the best method for
extraction of/?-coumaric. The yield of this compound, using SFE, was only about
40% of the yield obtained by ethanolic extraction. The chemical structure of the
compounds determined how the compounds behaved during the extraction methods
employed.
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Parise^tto cl al (Parisotto et al., 2012) examined the antitumor activities of Cordia
verhenacea and compared the results with an extract obtained using conventional
extraction with ethanol. A 20g sample of oven dried leaves of the plant were used for
the extraction and the most suitable conditions were found to be 30 MPa (300 bar)
and 50°C with a flow rate of 0.3 kg/hr. The bioactivity assays were performed with
human cancer cell lines MCF-7 (breast) and cell line murine derived Ehrlich ascites
carcinoma (EAC). For the in vivo assays male isogenic Balb/c mice were used for
testing. In all of the assays the SFE extract exhibited better results than the solvent
extract. The SFE extract exhibited cytotoxicity activity in vitro and antitumor activity
in vivo. The SFE extract could decrease tumour volume, body weight and packed cell
volume in vivo, as well as increasing mean survival time by 25%. The SFE extract
could also reduce the expression of C()X-2 in MCF-7 cells, whereas the solvent
extract was only comparable to the negati\e control. It was concluded that the most
probable means of activity was through apoptosis and that the activity of the SFE
extract may be due to a high content of a- humulene and transcaryophyllene in the
extract.
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4. EXRACTION OF NUTRACEUTICALS FROM BOTANICAL MATERIAL

The term nutraceutical can be used to describe food and plant components, or natural
materials, that are used for maintenance or improvement of health ((U.S.), 1997;
Lockwood, 2007). Vitamins, probiotics and antioxidants, that are derived horn foodbased or natural sources, are amongst some of the compounds that are classified as
nutraceuticals (Chen et al., 2006). Nutraceutical compounds may be ingredients in a
certain type of food for added nutritional value, or may be taken in tablet, capsule,
powered or liquid Irom, as a dietary supplement (Lockwood, 2007).
Ferreira dc Franca ct al (Ferreira dc Franca et al., 1999) used SFE to extract carotene,
a fat-soluble vitamin that is a precursor of vitamin A (Tortora and Dcrrickson, 2006),
from oven-dried, ground Mauritia Jlexuosa (buriti fruit). The results were compared
with extraction of the same material using Soxhlet extraction, with hexane as the
solvent. SFE could remo\e around 80% of the carotene content that was present in the
starting material. The Soxhlet extraction with hexane extracted an oil that contained
about 1% carotene. Three distinct regions that arc usually found in the extraction of
botanicals were determined in this study; a constant rate period at the beginning,
followed by a falling rate period, and finally a diffusion/decreasing rate period. The
majority of the carotenes appeared to be extracted in the diffusion rate period, which
indicates that they arc located deep within the fruit particles. As the highest rate of
extraction occurred in this final period, an extended time, and therefore a larger
amount of CO2. was needed for the extraction. In contrast, if the compounds were
located on the surface of the particles, a shorter extraction time and a lower amount of
CO-> could be used for the extraction.
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Limonoids, their glucosidcs and the flavonoid narginin have been shown to exhibit
anti-cancer properties (Poulose et al., 2005; Vanamala et al., 2006). These compounds
are present in citrus fruits. Yu et al (Yu et al., 2007) investigated the extraction of
limonoids, limonin and limonin-17-B-D-glucopyranoside (LG), and the flavonoid
narginin horn dry (drying method not mentioned) grapefruit (Citrus paradise Macf.)
seeds. The extraction was canied out in two steps; the first to extract the less polar
limonin using SC-CO2 and the second to extract the polar LG and narginin with the
addition of ethanol as a modifier. Separate optimal conditions were determined for
each of the compounds to be extracted. The greatest yield of limonin (6.3 mg/g dried
seeds) was obtained at a pressure of 48.3 MPa (483 bar), temperature of 50°C and an
extraction time of 60 mins, using 35g of sample. For the extraction of LG, the same
conditions as used for limonin, provided the greatest yield (0.62 mg/g), but along with
30% ethanol as modifier. The maximum yield of narginin recovered was just 0.2 mg/g
dried seeds at 41.4 MPa (414 bar), 50°C and with 20% ethanol as modifier. The
authors concluded that the parameters employed in this particular study were more
suited to the extraction of limonin and LG, and that the pressures were too high in this
study for an efficient extraction of narginin.
Isoflavones are phytoestrogens that are present in soybeans (Glycine max).
Epidemiological studies have suggested that there is an association between the
consumption of soy products and a reduction in menopausal symptoms, as well as a
reduction in the occurrence of prostate enlargement. Two isoflavones present in
soybeans, daidzein and genistein, were extracted by SFE by Araujo et al (Araujo et
al., 2007) and the results were compared to those obtained by a conventional
extraction using water and methanol as the solvent. Soybean hypocotyls were used as
the extraction material, and before SFE, were soaked in water with an adjusted pH of
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5.0 at 50°C for 12 hours to promote hydrolysis by B-glucosidascs to isoflavonc
aglycones (daidzein and genistein).Samples were lyophilized to remove the water.
The optimal eonditions for SFE of daidzein and genistein were determined to be; 38
MPa (380 bar), temperature of 60°C, an extraetion time of 30 mins (15 statie and 15
dynamie) and 10% aeetonitrile (ACN) as modifier, using 80mg of sample. ACN was
superior to methanol as a modifier. The conventional extraction of the isoflavones
was found to be more efficient than SFE. The highest amount of the compounds
extracted by SFE was 17.97 mg/lOOg, whereas 70.07 mg/lOOg were extracted using
conventional extraction. Conventional extraction was observed to extract many
unwanted compounds along with the desired compounds to be extracted. Despite the
lower yield, SFE displayed better selectivity for the desired compounds than
conventional extraction.
The use of SFE for the extraction of proanthocyanidins (PRCs) from grape seed {Vitis
viiiifera) was investigated by Yilmaz et al (Yilmaz et al., 2011). Grape seed contain
many phenolic compounds that have antioxidant, anticareinogcnic, antiviral and
antimutagcnic activities. The effects of different levels of pressure, temperature and
ethanol as modifier were investigated, with the flow rate being fixed at 5 g/min,
extraction time fixed at 1 hr and the particle size also being held constant at a size
range between 425 and 230pm. A 30g sample size was used for each extraction.
PRCs arc polar by nature, therefore a polar modifier needed to be used for extract.
Using HPEC for analysis, it was determined that different PRC" compounds were
extracted under different conditions. The highest levels of gallic acid, epigallocatechin
and epigallocatechingallate where extracted at 30 MPa (300 bar), 50°C and 20%
ethanol. The highest levels of catechin and epicatechin were extracted at 30 MPa (300
bar), 30°C and 20% ethanol, while cpicatcchingallatc was extracted at a lower
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pressure of 25 MPa (250 bar), 30°C and a lower pereentage of 15% EtOH was
suitable.
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5. ESSENTIAL OILS AND VOLATILE COMPOUNDS

Essential oils are conventionally extracted from botanical materials by steam
distillation or hydrodistillation. The essential oils are responsible for the aroma of
different plants. They are also referred to as volatile oils (Pengelly, 2004). Essential
oils are mainly comprised of hydrocarbons, oxygenated terpenes and oxygenated
sesquiterpenes. In general, SEE extraction of essential oils is optimally performed
under mild processing conditions [pressures from 9-10 MPa (90-100 bar)] and
temperatures Irom 40-50°C (Reverchon and De Marco, 2006).
Grosso ct al (Grosso ct al., 2008) found that the optimal conditions for the SEE
extraction of volatile oil from Italian coriander (Coriandruni sativum) seeds were 9
MPa (90 bar), 4()°C, C()2 How rate of 1.10 kg/hr and particle size of 0.6 mm, using
lOOg of sample. At pressures higher than 9 MPa (90 bar), it was determined that
other, non-volatile components were extracted along with the oil. Using 5()°C
produced oil with the same composition as oil obtained at 40°C. However, a longer
time was necessary to obtain the same yield at 50°C, therefore 40°C was more
suitable. The smallest particle size produced the highest oil yield which makes it
evident that more ducts containing oil must have been damaged, making the oil more
accessible to the solvent. Solvent How rate did not have a significant influence on the
composition of the oil, but an increased flow rate shortened the time for complete oil
extraction from the matrix, but with a consequence of obtaining a lower oil yield.
Oxygenated monoterpenes accounted for the majority of the composition of the oil in
both SEE and hydrodistillation when both methods were compared. The monoterpene
hydrocarbons were slightly lower in the SEE but both methods obtained oils that
contained the same major components at similar percentages. Very similar conditions

37

were utilized by Scalia et al (Sealia et al., 1999) to extract the essential oil from dried
(drying method not mentioned) Matricaria chamomilla (chamomile) flowers; 9.119
MPa (91.19 bar), 40°C, a 2 min static time and 30 min dynamic time were used for
the extraction and a Ig sample size. Comparison between the SFE extract and steam
distillation extract, using GC-MS, showed that both extracts had a very similar
profile. The main difference between both extracts was that there were a few extra
peaks with SFE extract that were eluted after around 50 mins. These were identified
as waxes. The yield of oil from SFE was 4.4 times higher than the yield obtained by
steam distillation and the extraction by SFE required a much shorter time.
Additionally, the dark yellow colour of the SFE extract made it evident that there was
no thermal damage done to the matricinc (a terpenoid). In the steam distilled oil, the
blue colour associated with the oil is due to the thermal degradation of matricine to
chamazulene.

Figure 3. GC-MS chromatographs of the SFE (A) and the steam-distillation
extracts of chamomile (B)
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Dc Oliveira ct al (dc Oliveira et al., 2012) also used a low pressure for the extraction
of hernandulcin, a sweet llavoured sesquiterpene, from the leaves and flowers of
Lippia diilcis. This compound is used as a sweetening agent in foods and beverages
and also as an additive to pharmaceutical and oral hygiene products. The conditions
that obtained the greatest yield were 14 MPa (140 bar), 40°C, particle size of
0.595mm, 60 mins static time, 260 mins dynamic time and a flow rate of 5.3 X 10'^
kg/min, using 60 g of sample. A yield of 3.4 ± 0.5% was obtained under these
conditions. However, due to the dark green colour and lack of transparency of this
extract it was likely that waxes had also been extracted. Therefore, the extract
obtained at 12 MPa (120 bar) and 35°C, which gave a yield of 2.6 ± 0.1%, was
regarded as the best extract as it appeared to be absent of, or have a far lower content
of waxes. The yield obtained using hydro-distillation was far lower at just 0.6%. The
amount of hernandulcin in the extract obtained at 12 MPa (120 bar) and 35°C was
41.9 i 0.01%. The amount in the hydro-distilled extract was not reported.
A much higher pressure of 30 MPa (300 bar) was used by Peterson ct al (Peterson ct
al., 2006) for the extraction of essential oil from naturally dried Pelargonium
graveolens (geranium). This pressure, along with a temperature of 40°C and a CO2
flow rate of 2.0 ml/min, were considered to be the optimal conditions for essential oil
extraction when using a lOg sample. These conditions did not capture the highest
yield, but did produce the purest oil extract, without the co-extraction of waxes.
Compared to the commercially obtained steam distilled geranium oils, which produce
an average yield of 0.20%, SFE obtained oil had a maximum yield of 2.53%.
Howe\ er, GC-MS analysis of the SFE oil and three commercial, steam distilled oils
showed that the SFE oil lacked many of the minor components present in commercial
oils. Castro-Vargas et al (Castro-Vargas ct al., 201 1) also used a pressure of 30
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MPa (300 bar) to extract the oil from guava (Psidium guajava L.) seeds. A
temperature of 40°C, addition of 10% EtOH as modifier, static extraction time of 30
minutes and dynamic extraction time of 2 hours in total were the other conditions of
extraction that were applied. A lOg sample size was used that was ground to obtain
particle sizes ranging from 0.2 to 0.5mm. A yield of 17.30 ± 0.01% was achieved
under these conditions. Compared to results from a previous study by the same group
using the same conditions but without the use of a modifier, the addition of a modifier
greatly increased the yield (1.4 ± 0.005 % yield without modifier). The yield in this
study was almost as high as the yield obtained from Soxhlet extraction with hexane,
which produced a yield of 20.20 ± 0.30 %.
Yahya ct al (Yahya ct al., 2010) extracted the volatile compound 2-acctyl-l-pyrrolinc
(2AP) from Pandanus amaryllifolius Roxb. (Pandan leaf) using SFE with CO2 and
compared it to Soxhlet extraction using hexane.

This compound gives Pandan its

characteristic llavour and also contributes to the tlavour of some aromatic rice’s. SFE
was carried out at 20 MPA (200 bar) for 2 hours at 50°C with a flow rate of 3L/min.
No static time was applied and 50g (wet weight) of sample was used. It was found
that Soxhlet extraction could obtain a better yield and concentration of 2AP than SFE.
The highest concentration of 2AP obtained with SFE was 0.18 ± O.Olppm compared
to 0.45 ± O.Olppm obtained using Soxhlet extraction. It was also found that grinding
the leaves before extraction and freeze drying rather than oven drying, gave better
results. SFE did give a pure extract that was free from unwanted material, such as
chlorophyll, and its appearance was very similar to a standard sample of 2AP.
Sodeifian et al (Sodeifian and Ansari, 2011) optimised the SFE conditions to extract
the essential oil from the dried, aerial parts o\' Fendago angulata. The essential oil of
this plant is used to preserve dairy products and to treat digestive disorders as well as
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being used in the cosmetic industry. The optimised conditions for extraction were a
pressure of 10 MPa (190 bar), temperature of 35°C, particle size of TlOpm, How rate
of 12 ml/s, static time of 55mins - Ihr and a dynamic time of 120 mins, using 20g
sample sizes. These conditions could obtain a yield of 0.853%, which is very close to
the empirical yield of approx. 1%. Around twice as much oil was extracted using SFE
as was obtained using hydro-distillation or solvent extraction, with the SFE oil also
being of a higher quality.
Safaralie et al (Safaralie et al., 2008) used CO2 and a modifier, ethanol, to extract
essential oil and valerinic acids from the root of Valeriana officinalis (valerian), dried
at 30-35°C. The optimal pressure for extraction was between 24.3 (243 bar) and 25
MPa (250 bar). 3g of sample were used for the extractions. Increases in pressure led
to increased solubility. The optimal temperature for extraction was 37°C, and higher
temperatures were seen to decrease the amount of oil and valerinic acids extracted.
Dynamic extraction periods above 30 mins were seen to decrease the levels of
valerinic acids that were extracted. More than 330pl of ethanol, used as a modifier,
was observed to decrease the levels of valerinic acids that were extracted. Addition of
large amounts of modifier causes the critical values of the solvent to be increased.
Therefore, when more than 330).il of ethanol were added, it is possible that the
extraction did not take place under supercritical conditions. Raeissi et al (Raeissi et
al., 2008) investigated if ethane was a more suitable supercritical solvent than CO2 for
the deterpenation of orange peel oil. Citrus oils are deterpenated to remove large
amounts of undesirable teipenes, with the resulting coneentrated aroma eonstituents
being used for further applications. The non-polar terpenes are soluble in the solvent
and are removed. Therefore, it is the raffinate which is the desired fraction. At an
operating temperature of 60°C and a pressure of 6.5 MPa (65 bar), ethane was
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successfully used to dctcq')cnatc the oil. Ethane could achieve this at a lower pressure
than CO2 [10 MPa (100 bar) for CO2] and additionally, a lower solvent to feed ratio
(feed=sample, solvent= CO2) was required when using ethane as the solvent. It was
determined that ethane was a better solvent than CO2 for this process. Safety issues
pertaining to the use of ethane as a solvent may be problematic as it can be explosive.
Therefore, it is essential to be very safety eonseious. Another issue that may arise
when using ethane as a solvent for this type of extraction is that the remaining aroma
constituents, which are often used in food products, may not be considered safe for
consumption in some countries. The same problem does not arise with the use of CO2
as a solvent.
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6. FOOD AND FOOD BY-PRODUCTS

SFE is also applied to many botanicals that are food products or by-products from
foods. Many procedures using SFE in the food industry have been published in recent
years. Many by-products from the food industry which arc regarded as under-utilized
materials from processing waste streams have been subjected to SFE to produce
products of value (Herrero et al., 2010).
As outlined previously, carotenoids are very often extracted from botanical matrices
by SFE. Shi ct cl (Shi ct al., 2010) investigated the extraction of carotenoids from the
flesh of frcczc-dricd pumpkin {Cwcurhita nioschata).T\\Q addition of 10% ethanol as
a modifier increased the total carotenoid yield and was seen to greatly increase the
solubility of the lutein esters. The best extraction yield was at 32 MPa (320 bar) and
70°C, with 0.4g of sample. At these conditions there was a 73.7% recovery of
carotenoids, whereas it was assumed that the ethanol extract extracted 100% of the
carotenoids. However, SFE of pumpkin flesh recovered higher amounts of lutein and
lycopene and caused an increase in the numbers of cis-isomers of B-carotene.
Yi et al (Yi et al., 2009) used by-products of naturally dried tomato skins and seeds to
extract lycopene by SFE. The highest lycopene yield of 31.25 pg/g of raw material
was obtained using a pressure of 40 MPa (400 bar), temperature of 100°C and a CO2
flow rate of 1.5 ml/min. Pressure and flow rate of solvent did not appear to effect the
antioxidant properties of the lycopene extracts, but when the temperature was raised
above 70°C. there was a decrease in the antioxidant activity of the extracts.
A further study by Shi et al (Shi et al., 2009) examined the effects that 3 non-toxic
modifiers (ethanol, water & olive oil) had on the extraction of lycopene from freeze-
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dried loinalo skins. The yield of lycopene increased with increasing pressure and
temperature and therefore, the highest pressure [35 MPa (350 bar)] and highest
temperature (75°C) provided the highest yields. 0.5g of sample was used for each
extraction. This was the case without modifier and also with all three of the tested
modifiers (at 5%) which were all seen to increase the extraction of lycopene. The
yield without modifier was 25.5±1.8pg/g, with 5% water: 42.6±1.4pg/g, with 5%
ethanol; 45.3±2.1pg/g and with 5% olive oil; 60.9±2.3pg/g. Wlien the concentration
of the modifiers was increased to 15%, increases in yield were observed for all three
at temperatures of 45 and 75°C. The one exception was with olive oil at 75°C, when a
slight decrease in yield was observed. When 10% olive was used as a modifier the
yield was approx. 8()pg/g whereas when 15% olive oil was used the yield dropped to
75.7pg/g. When experiments were conducted using a mixture of two of the modifiers
together for extraction, the combination of ethanol and olive oil (both at 10%)
provided the best results at 35 MPa (350 bar) and 75°C. The yield under these
conditions was approx. 95pg/g.
Egydio ct al (Egydio ct al., 2010) used a different approach when analysing the SEE
extraction of lycopene from tomato. They used commercial tomato juice to extract
lycopene and instead of drying the raw material to obtain solids, the water in the juice
was replaced by ethanol through sequential centrifugation and 4 ethanol washing
steps. The solid phase was retained for analysis. Extracts were also analysed for their
antioxidant activity using the DPPH assay and the rubrcnc singlet oxygen quenching
method. A 15 g sample size was used for extraction and flow rate or either 0.85 or 1.7
g/min was applied. A static extraction time of 5 mins was used and a dynamic time of
either 180 mins (for flow rate of 1.7 g/min) or 360 mins (for flow rate of 0.85 g/min).
However, which combination of dynamic time and flow rate was the most successfiil
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was nol mentioned. The highest recovery of lycopene (76.9%) was obtained using 35
MPa (350 bar) and 80°C. However, the highest level of antioxidant activity was
exhibited by the extract obtained at 35 MPa (350 bar) and 40°C (49.7% activity in the
DPPH assay and 38.2% activity in the singlet oxygen quenching method). RP-HPLC
was used to analyse the extracts. The temperature was the most significant parameter
on the SFE extraction. It was also noted that the replacement of the water content with
ethanol had an influence on the efficiency of the extractions as the EtOH would act as
a modifier.
Vaughn et al (Vaughn Katherine et al., 2008) in\ estigated the extraction of lycopene
horn the ffcczc-dricd flesh of watermelon (Citriillns lantatiis) using SFE. They
obtained the highest lycopene yield at 20.7 MPa (207 bar), 60°C, 15% ethanol as
modifier and a 0.5g sample size. Temperature was seen to be the parameter that had
the most inlluence on extraction. Temperatures above 7()°C were observed to result in
a decrease in the amount of lycopene extracted. Freeze-dried watermelon samples
were used in this study. The authors pointed out in their discussion that this method of
storage, especially over long periods of time, may cause a loss of lycopene from the
sample material.
De Azevedo et al (de Azevedo et al., 2008) used SFE to effectively fractionate green
coffee oil. Green coffee oil can be fractionated in order to give it added value. It can
be fractionated into caffeine and lipids for ftirther industrial uses. The best conditions
for fractionation were found to be 15.2 MPa (152 bar) and 70°C, using 15g of sample.
Using these conditions caffeine could be removed from the green oil and only a small
percentage of the lipids were also removed. Caffeine was removed in the first
fractions obtained. A residue, assumed to be wax, was left in the bottom of the
extraction vessel after extraction. Araujo ct al (Araujo and Sandi, 2007) extracted oils
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from ground green coffee beans and ground roasted coffee beans using SFE. 200mg
sample sizes were used for extraction. It was observed that coffee beans contained a
lower amount of the diterpenes cafestol and kahweol after they had been roasted. The
aim of the researchers was to make direct extractions from the ground beans in order
to obtain one oil with high levels of diterpenes for use in the cosmetics industry and
another oil with low levels of diterpenes for use in the food industry. The best
conditions for extracting oil from green coffee beans with the highest level of
diterpenes were 25.3 MPa (253 bar) and 70°C and the best conditions for extracting
an oil from roasted coffee beans with a low level of diterpenes were 37.1 MPa (371
bar) and 70°C. These results were compared to the conventional Soxhict extraction
using hexane as a solvent. The concentration of diterpenes in the SFE green coffee
bean oil was 48% lower than the concentration in the Soxhlet extracted oil, whereas
the concentration of diterpenes in the SFE roasted coffee bean oil was 71.2% lower
than the concentration in the Soxhlet extraction. This indicates that SFE is a very
suitable method for the extraction of coffee oil for use in the food industry, as oil
containing lower levels of diterpenes can be obtained than the oils obtained using
Soxhlet extraction. The SFE oil also contains no organic solvents which makes it
more suitable for consumption, l^en et al (l9en and Giirii, 2009) found that SFE of
caffeine from tea stalks and fibre (dried at 105 i 2°C for 2 hours) was a very
successful and feasible procedure. These waste products have no other use apart from
possibly being used as a low grade fuel. The optimal conditions for the extraetion of
caffeine from tea stalks and waste fibres were 25 MPa (250 bar), 60°C, CO2 flow rate
of 11 g/min, extraction time of 7 hours and particle size of 0.202 mm, using 5g of
sample moistened with lOg of deionised water. Under these conditions the yield of
caffeine from waste tea stalks was 14.9 mg/g and the yield from waste fibres was 19.2
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nig/g. In comparison lo chloroform extraction, the yields of both waste products were
increased by more than 60%.
Cavalcanti et al (Cavalcanti et al., 2011) used SFE with the addition of modifier, to
extract antioxidant compounds from the by-products of jabuticaba {Myrciaria
cauliflora) from jelly production. Jabuticaba is a grape-like fruit that has not been

extensively studied but it has been reported to have potential antioxidant properties.
The extracts were also being assessed by the eost of the extraction as well as for the
antioxidant compounds obtained. The residue form Jelly production was ground and
frozen before extraetion and 20% ethanol was used as a modifier. The extract that
gave the best combination of antioxidant activity (using DPPH assay) and the lowest
cost of extraction was obtained using 20 MPa (200 bar), 5()°C and a flow rate of 9.1 X
10'^ kg/s. This extract exhibited antioxidant activity of 15% and a global yield of
15g/100g of raw material.
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7. ALGAE AND SEAWEEDS

Natural sources of bioactive compounds arc always in demand. Many types of algae
are commonly consumed and are well known for their beneficial effects on human
health. This makes them of great interest as a potential source of bioactive compounds
(Herrero et al., 2006). Pollution in the waters in which algae and seaweeds grow is a
problem as they may not then be safe for human consumption (Punin Crespo and
Lagc Yusty, 2005). SFE has been applied for the extraction of bioactivc compounds
from algae and seaweeds. It has also been used to determine pollutants in many
different species of marine life. The previous application is not the main focus of this
review but is however, a very useful application of SFE which can help to determine
if algae and seaweeds are safe for consumption.
Macias-Sanchez cl al (Macias-Sanchez ct al., 2007) used the tfcczc-dricd microalga
Syuechoccus sp. to extract carotenoids and chlorophyll a (figure 3). The highest yield
of carotenoids (1.328|.ig/mg) was extracted at 30 MPa (300 bar) and 5()°C from O.lg
of sample. For the best extraction of chlorophyll a (0.715 pg/mg), 50 MPa (500 bar)
and 60°C were determined to be the optimal conditions, again using a sample size of
O.lg. However, in order to obtain the highest ratio of carotenoids: chlorophyll 20 MPa
(200 bar) and 60°C were the best conditions. SFE was also compared to extraction
with methanol. The best ratio of carotenoids: chlorophyll was obtained using the SFE.
In a more recent study Macias-Sanchez et al (Macias-Sanchez et al., 2010)
investigated the extraction of the carotenoids lutein and B-carotene from the freezedried microalga Scenedesmiis almeriensis. 19g of sample was used for extraction.
They found that the best yields of these two carotenoids were obtained at 40 MPa
(400 bar) and 60°C. The highest yield of lutein obtained was 0.0466 mg/g and the
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highest yield of B-earotene was 1.5mg/g. Much higher yields were obtained for Bcarotene than for lutein. Using SFE, 50% of the total amount of B-carotene present in
the microalga could be removed. Mendes et al (Mendes et al., 2003) extracted
carotenoids from the microalga Chlorella vulgaris at 35 MPa (350 bar) and 55°C.
About two thirds of the extracted carotenoids were astaxanthin and canthaxanthin.
Crushed cells were found to give a better extraction yield than whole cells. In the
same study, the microalga Dunaliella saliua, which contains cis and trans isomers of
B-carotene, was subjected to SFE in order to improve the ratio of cis! trans B-carotene.
CA-B-carotenc is more soluble in CO2 than /‘/«;?.s’-B-carotene which allows for the
separation of the two isomers. C7.v-B-carotcnc is more readily absorbed in the body
and is therefore, of more value to the pharmaceutical industry. The optimal extraction
conditions were at 20 MPa (200 bar) and 40°C.
Volatile metabolites of the brown alga Dictyopteris memhranacea (naturally dried)
were extracted by SFE (300mg of sample) and compared to the extracts obtained by
hydrodistillation (HD) and focused microwave-assisted hydrodistillation (FMAHD)
(Hattab et al., 2007). A crude extract was obtained by diethyl ether solvent extraction.
The crude extract was then subjected to the 3 different methods of extraction. SFE did
obtain the highest yield of oil at 15.4%, but it was only marginally higher than the
other methods. The essential oil obtained by FMAHD was the only oil that contained
sesquiterpenes, the others being completely void of this compound. The SFE and HD
oils were similar in composition, both containing Cn hydrocarbons and sulphur
compounds.
Mendes et al (Mendes et al., 2003; Mendes et al., 2006) used Spiritlina maxima
(freeze-dried) to extract y-linolenic acid (GLA) using pure CO2 and CO2 modified
with ethanol (10%) and a 5g sample size. The addition of the modifier greatly
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improved tlic GLA yield with the highest yield obtained at 35 MPa (350 bar) and
60°C (45% GLA reeovery). SFE extraction of GLA with modifier was far better than
the conventional extraction with hexane (1% GLA recovery). However, extractions
with ethanol (72% GLA recovery) and acetone (48% GLA recovery) provided better
GLA yields.
Mcndiola et al (Mendiola et al., 2007) investigated the antioxidant and antimicrobial
activities of SFE extracts of naturally dried Spindiiia plateusis. A fractionated
extraction process was used to collect the extracts. Two separators collected the
extracts; the first had the pressure set al 50% of the extraction pressure and the second
had the pressure set at 50% of the pressure in the first separator. The best antioxidant
and antimicrobial yields were extracted at 22 MPa (220 bar), 55°C and 10% ethanol
as modifier, using 75g of sample. Using these conditions it was possible to fractionate
the extract in such a way that the antioxidant components were collected in the first
separator and the antimicrobial components were collected in the second separator
(figure 2).
Puni'n Crespo & Eagc Yusty (Puni'n Crespo and Eagc Yusty, 2005) used SFE to detect
levels of aliphatic hydrocarbons in the brown seaweed Utidaria pinnatifida (drying
method not mentioned). These compounds are pollutants and are found in seaweeds
because of the extensive use of petroleum and petroleum products which cause
pollution in the environment. SFE was found to be a good method for the
determination of aliphatic hydrocarbons in seaweed. When compared to Soxhlet
extraction, the time for extraction was much shorter and the amount of organic
solvents used for SFE was greatly reduced also. The conditions employed were; 22.9
MPa (229 bar), 1()()°C, 200pl methanol as modifier, a static extraction period of 10
mins, dynamic period of 50 mins amd a sample size of 0.5g. The flow rafe of CO2 was
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1 rnl/min. It was however noted that Soxhlet extraetion would be more suitable if a
more extensive study of the shorter-chain /7-alkanes was needed. Lage-Yusy et al
(Lage-Yusty et al., 2009) used SFE to detect levels of polycyclic aromatic
hydrocarbons in various different samples of seaweeds off the Galician coast of Spain
after an oil spill (drying methods not mentioned). These seaweeds are intended for
human consumption and there should not be higher levels than 200mg/kg dry weight
of polycyclic aromatic hydrocarbons present in the seaweeds for them to be safe for
human consumption. The conditions that were observed to be suitable for detection of
polycyclic aromatic hydrocarbons were; 25.6 MPa (256 bar), 100°C, 200|il methanol
as modifier, a static extraction period of 10 mins and dynamic period of 50 mins,
using a sample size of 0.5g. The How rate of CO2 was 1.5 ml/min.
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8. AGRICULTURAL USES

SFE of useful compounds from botanical material can be very beneficial in the
agricultural industry. It may allow for new uses to be developed for certain crops.
Another area of interest is the use of SFE of botanical materials to obtain oils that may
be used on crops to defend against diseases and pests. This use is of high interest as it
can provide safe, non-synthetic agents that may be suitable for use on organic farms.
Triticale is a hybrid of wheat and rye. The extraction of wax from this material can
give the crop added value as the wax and the dewaxed straw can be used in various
industries. Athkorala & Mazza (Athukorala and Mazza, 2010) extracted wax from
triticale straw using SFE. The highest yield of wax (approx. 1.15%) was obtained at
35 MPa (350 bar) and 70°C, using lOOg sample size. This was higher than the yield
obtained using hexane for extraction (approx. 0.8%). The wax was found to have
similar properties to other waxes that arc used on a commercial basis which indicates
that the wax extracted from triticale straw could be a possible alternate.
De Corato et al (De Corato et al., 2010) investigated the use of supercritical fluid
extracted essential oil of Lawns nobilis (laurel) leaves (naturally dried) as an
antifungal spray for kiwi, peaches, oranges and lemons after harvest. They tested the
spray against three types of plant fungi; Botrytis cinerea, Monilinia laxa ami
Penicillium digitatum. The essential oil was extracted under the following conditions;
11 MPa (110 bar), 40°C and CO2 flow rate of 24 kg/lir. 22.9g of essential oil was
obtained from 3.8kg of dried leaves (0.6% yield). Monoterpenes and terpenoids were
the main active compounds in the essential oil. In vitro and in vivo tests using the
fiuits after artificial inoculation with the fungi were carried out. It was concluded
tfom these experiments that the essential oil showed promise as a preventative and
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curative antifungal agent against M.laxa and B.ciuerea on harvested peaches and
kiwis. It was eonsidered a natural, safe treatment that did not affect the flavour or
taste of the fruits.
Pavela et al (Pavela et al., 2010) examined the insecticidal activity of feverfew
(Tanacetum partJienium) extract obtained by SFE against the larvae Spodoptera
littoralis and compared it to an oil extract obtained by hydrodistillation (HD). Aerial
parts of the plant were used (50g sample size) which were oven-dried at 40°C for 72
hours. The SFE extract obtained at 28 MPa (280 bar) and 50°C with pure CO2 was the
most effective growth inhibitor and was also more effective than HD oil. The greatest
antifeedant extract was the SFE extract obtained at 28 MPa (280 bar) and 50°C with
4.3% acetone being used as modifier. This extract was also a better antifeedant than
HD extract. The HD oil extract was the most toxic with an LD5()of().()5 pFlarvae. The
best SFE extract had an l.DsoofO.l 1 pl/larvae and was extracted at 12 MPa (120 bar)
and 5()°C with pure CO2 Terpenic compounds were responsible for the insecticidal
activity of the extracts.
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9. CONCLUSIONS

The use of supercritical fluid extraction as a method for extracting compounds from
botanical materials has been growing in popularity in recent years. There is a far
bigger demand for natural, botanical materials nowadays as consumers have become
more aware of the potential dangers of synthetic compounds that are often used in the
food industry. There are many natural extracts from botanicals that can be used as
alternatives to synthetic compounds and, supercritical fluid extraction allows for these
natural compounds to be extracted in an cnvironmcntally-fricndly manner with the
use of no, or very small amounts of, organic solvents. The advantage of using
supercritical tluid extraction without the addition of any organic solvents, is that a
non-toxic extract is produced that can be declared as clean label and, which is safe for
use in food or products. Additionally, many extracts from botanical materials are
valuable compounds that can be used as pharmacological or nutraccutical agents.
This review provides an explanation of the basic principles behind supercritical fluid
extraction and presents a summary of the published scientific research done, to date,
regarding the supercritical fluid extraction of botanicals. The information collated in
this review outlines the conditions that have been applied to extract specific
compounds from certain botanical materials. The main focus of this review is on the
use of supercritical carbon dioxide as a solvent.
Supercritical fluid extraction is already used at an industrial level. However, with
further research continuously taking place, hopefully in the near future, this clean,
environmentally-friendly technology will become more widespread in many different
areas.
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Chapter 2
Optimization of supercritical carbon dioxide on the
extract yield and antioxidant activity from Hawthorn
{Crataegus monogyna)
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ABSTRACT

The aim of this study was to optimize the percentage yield and percentage radical
scavenging activity (RSA) of hawthorn leaf & flower and hawthoim berries using
supercritical carbon dioxide. Response surface methodology was employed, using a
Bex-Behnken statistical design to evaluate the effects of three independent variables.
Pressure (100 - 400 bar), temperature (40 - 60°C) and modifier (ethanol)
concentration [no modifier (0%), 45%, 90%] were the three variables with total
extraction time and CO2 flow rate being held constant at 35 minutes and 5 L/min
respectively, for each extraction. Antioxidant activity was measured by 2, 2Diphenyl-l-picrylhydrazyl (DPPll) radical scavenging assay. Optimal extraction
conditions, as predicted by response surface methodology were; pressure of 400 bar,
temperature of 50°C and use of no modifier for hawthorn leaf & flower and, pressure
of 310 bar, temperature of60°C and use of no modifier for hawthorn berries.
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1. INTRODUCTION

Hawthorn is commonly found growing in hedgerows and woodland margins. It is
described as a thorny shrub or small tree that produees clusters of white or pink
flowers in the spring time and then produces red berries in the autumn. Crataegus
monogyna is the common species found throughout the Republic of Ireland and Great
Britain. Crataegus laevigata can also be found in parts of south-east England but is
not as common. The two species can be used interchangeably in herbal medicine
(Bruton-Seal and Seal, 2008).

Figure 1. Images of Hawthorn tree, blossoming flowers and ripe berries.

Hawthorn has a long history of being used medicinally, dating back to ancient Roman
times (Veveris et al., 2004). The leaf and flower and berries of the plant are used
traditionally in China and Europe to treat heart eonditions, as sedatives and to treat
poor digestion (Samec and Piljac-Zegarac, 2011). After the Irish physieian Dr.Green
died in 1894, it was revealed that the great success that he had in treating heart failure
was through the use of hawthorn berry tineture (Bruton-Seal and Seal, 2008). By the
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early 20’’’ century hawthorn was becoming a popular remedy to treat cardiovascular
disorders (Furey and Tassell, 2008). Historically it was the berries of hawthorn that
were used medicinally but it is becoming common for the leaf and flower to be used
also. The berries, leaves and flowers of hawthorn contain similar constituents, with
the main difference being the ratio of specific flavonoids and procyanidins present in
each. Hyperoside is abundant in the bcnics, whereas higher levels of vitcxin-2rhamnoside are present in the leaf (Tassell et al., 2010). The Complete Commission E
monographs approves the use of hawthorn leaf and flower for cardiac insufficiency
according to Stage II New York Heart Association (NYHA) (Blumenthal et al, 1998).
The ESCOP monographs also approve the use of the leaf and flower for the same type
of declining cardiac performance and also for support of cardiac and circulatory
functions and nervous heart disorders (ESCOP, 2003).
Exactly how hawthorn extracts provide these cardiac protective effects is not filly
understood. It is believed that the antioxidants present in the extracts arc involved and
that they work in reducing the production of free radicals, lessen further damage to
the heart and can decrease cholesterol from being deposited in the arteries (Zhang et
al, 2001). Plant polyphenols are believed to have the perfect structure to scavenge
ftee radicals and it has been observed that they can be more active in vitro than
vitamins E and C (Sok61-L9towska et al, 2007). Studies have shown that hawthorn
extract is an effective antioxidant (Bahorun et al, 1996; Zhang et al, 2001; Yoo et al,
2008; Luo et al, 2009; Samec and Piljac-Zegarac, 2011; Barreira et al, 2013).
Clinical trials have also shown that hawthorn can improve symptoms in early heart
failure (Eggeling et al, 2011) and can reduce the risk of sudden cardiac death in
patients with left ventricular ejection fiaction (Holubarsch et al, 2008). Vcveris et al
(Veveris et al, 2004) determined that standardized Crataegus extract WS 1442
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(standardized content of 18.75% oligomeric procyanidins) not only exhibits
cardioprotective effects in vivo but also prevents myocardial dysfunction and
infarction after long periods of blockage to the left anterior descending coronary
artery.
Active herbal compounds are most commonly extracted by using classical solvent
extraction methods. The solvent used for extraction is usually a mixture of alcohol
and water, in a particular ratio that is deemed the most suitable for the extraction
(Smelcerovic et al., 2004). When using conventional solvent extraction methods it is
very difficult to control the selectivity of the extraction process as there arc very few
adjustable parameters (Lang and Wai, 2001). For this reason supercritical fluid
extraction (SFE) is a very attractive option for extracting compounds from herbs and
plants. When using SFH there arc many adjustable parameters that can make the
process more selective and efficient, e.g. temperature, pressure and u.se of modifier at
varying levels and concentrations. If SFE is used, without the addition of an organic
modifier, the extract obtained is free of solvent. Therefore any post-processing step
that may be needed when using conventional solvent extraction, to eliminate organic
solvent, is not necessary (Chang et al., 2007). There are many other advantages to
using SFE for extracting compounds from botanical material; supercritical fluids can
penetrate into porous materials faster than liquid solvents allowing for a shorter
extraction time, complete extraction may be achieved as there is a continuous flow of
fresh fluid through the extraction material, it can be performed at low temperatures
which allows for heat sensitive compounds to be extracted effectively, very small
sample sizes can be used as compared to conventional solvent extraction (Lang and
Wai, 2001). These advantages have made SFE become a very attractive extraction
process. SFE is used at an industrial scale to decaffeinate coffee and tea, for the
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extraction of hops and to reduce the nicotine content of tobacco (Peterson ct al.,
2006). SFE has been the selected method for the extraction from many botanical
materials, including rosemary (Carvalho Jr et al., 2005), oregano (Rodrigues et al.,
2004), sage and thyme (Babovic et al., 2010) and onion (Martino and Guyer, 2004).
The overall aim of this study was to establish the optimum SFE conditions for
antioxidant compounds from hawthorn leaf & flower and hawthorn berry by applying
response surface methodology, using carbon dioxide or carbon dioxide/ethanol as the
.solvents.
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2. MATERIALS AND METHODS
2.1 Reagents
2, 2-Diphenyl-1-picrylhydrazyl (DPPH) (C18H12N5O6), L-ascorbic acid (C6H806), 2,6Di-tci1-butyl-4-mcthylphcnol

(BHT)

([(CH3)3C]2C6H2(CH3)OH)

and

anhydrous

sodium sulphate (Na2S04) were purchased from Sigma-Aldrich Ireland Ltd. (Vale
Road, Arklow, Wicklow, Ireland). Fine White Sand was purchased fiom Wardle
Chemicals Ltd. (Green Lane, Wardle, Nr. Nantwich, Cheshire). All solvents used
were of analytical grade.
2.2 Botanical Material
Hawthorn leaf & flower {Crataegus laevigata fol & flos) and hawthorn berry
(Crataegus laevigata fructus), both in dried form, were purchased horn Herbs In A
Bottle Ltd. (Meadow Park Estate, Bourne Road, Essendine, Near Stamford,
Lincolnshire PE9 4LT). Crataegus laevigata and Crataegus monogyna species are
used interchangeably in herbal medicine.
2.3 Supercritical Fluid Extraction
Supercritical fluid extractions were performed using a Spe-ed SEE system (Applied
Separations, Allentown, PA, USA). The system was fitted with a 24 ml stainless-steel
extraction vessel. Botanical material was ground to a powder using a DeLonghi KG49
coffee grinder. The resulting powder was separated using graduated sieves to obtain
particle sizes ranging from 125-250 pm. This material (5g) was mixed with 7g
anhydrous sodium sulphate (a drying agent) and 7g line white sand (to fill void space
in the vessel). The vessel was filled with this mixture for extraction. Cotton wool was
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placed at both ends of the vessel along with a nitrile o-ring (James Walker, Kinsale
Road, Cork) to prevent solid material from escaping from the vessel and to stop
leakages. Each o-ring can be used for approximately 6-8 experimental runs. For
extractions using modifier, 0.55ml of ethanol was added directly to the bottom end of
the vessel containing the sample material (CO2 flows from the bottom of the vessel to
the top). The amount of modifier used was based on a study by Safaralie et al
(Safaralie et al., 2008). After 20 minutes of static extraction (no flow of CO2)
dynamic extraction of the sample was performed for 15 minutes with a CO2 flow rate
of 5 L/min. The flow rate was controlled by a micro-metering valve. The outlet valve
temperature was set at 120°C for all extractions. Extracts were collected in 4ml amber
vials fitted with silicone septa. Alter each extraction the outlet line of the SFE
instrument was flushed with approximately 1ml of methanol which was collected into
the same vial as the extract. Each extraction vial was then dried under a stream of
nitrogen to remove all traces of solvent. At this stage the vial containing the dried
extract was weighed and the weight of the empty vial was subtracted to obtain the
volume of yield. This figure was then divided by 5 (sample size in grams) and
multiplied by 100 to obtain a value for the percentage yield. Each extract was
reconstituted in 3 ml methanol, sonicated in a water bath at 40°C for 40 minutes and
filtered through a 0.2 pm filter prior to analysis. Extracts were stored at -20°C prior to
analysis. All extractions were carried out in triplicate.
2.4 Experimental Design
The statistical software Statgraphics Centurion Version XVI (StatPoint Technologies
Inc., USA) was used for experimental design, analysis and optimization. Response
surface methodology was employed, using a Bex-Behnken design (Box, 1960) for
response function fitting.. This type of experimental design minimises the number of
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factor combinations needed to evaluate the effects on the responses (Lahlali et al.,
2008). Three variables were used in the study whieh were; pressure (100, 250, 400
bar), temperature (40, 50, 60°C) and ethanol as modifier (no modifier, 45%, 90%).
Conditions that were kept constant for each run were sample size, CO2 flow rate,
extraction time and outlet valve temperature. The two responses that were analysed
were % yield and % radieal seavenging aetivity (RSA). A total of 15 experimental
analyses were performed using this design with 3 eentre points. All extraetions were
done in triplieate.
2.5 DPPH Free Radical Scavenging Activity Assay
The antioxidant activities of the supereritieal tluid extracts were determined using the
DPPH free radical scavenging aetivity assay. Activity was measured aecording to the
method of Nuengchamnong et al (Nuengehamnong et al., 2009) with slight
modifications. Sample sizes of 75pl were mixed with 15()pl of 0.2mM DPPH in
methanol in 96 well mierotiter plates and incubated at 37°C for 30 minutes.
Absorbance was then measured at 517nm using a Molecular Devices SpetraMax 190
spectrophotometer. A sample containing 75pl of methanol served as the experimental
control. Sample blanks were also prepared for eaeh sample consisting of 150pl
methanol and 75pl of sample. The reading for these sample blanks was subtraeted
from the sample readings. This step was necessary as the strong eolour of some of the
samples (due to sample matrix) was found to interfere with measurement readings.
Methanolic solutions of ascorbic acid (0.01%, w/v) and butylated hydroxytoluene
(BHT) (0.01%, w/v), known antioxidants, were used as positive controls. The
following equation was used to determine the radieal seavenging aetivity (RSA) of the
samples:
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^

Absorbance of control — Absorbance of sample ^
(Absorbance of control)
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3. RESULTS AND DISCUSSION

A Box-Behnken design was used for response surface methodology. Using three
variables (pressure, temperature & percentage ethanol) and two responses (percentage
yield and percentage RSA), 15 runs were generated using the design with 3 centre
points. All of the runs were performed in triplicate and at random. Table 1 shows the
experimental runs generated by the statistical software and the results of the two
responses (percentage yield & percentage RSA) as performed in the laboratory. The
same Box-Bchnken design was applied to the SFE extraction of both hawthorn leaf &
Bower and hawthorn berries.
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Table 1. Box-Behnken design for the optimization of the extraction of
antioxidant compounds and extraction yield from Hawthorn and responses as
determined in the laboratory. Response figures are an average from triplicate
runs (FT = flos & flos, Fr = Fructus)
Experiment

Pressure

Temperature

Ethanol

No.

{‘■c)

1

(bar)
400

60

(%)
45

2

250

60

90

3

250

60

4

100

5

% Yield
FF

% RSA
Fr

FF

Fr

96.74

87.99

2.781

2.158
4.134

96.95

88.80

0

2.765

1.999

98.18

83.19

40

45

1.384

0.263

97.35

32.57

250

40

90

1.457

2.252

96.75

81.72

6

100

50

90

2.757

2.631

63.22

70.30

7

250

40

0

1.221

1.975

89.09

74.96

8

250

50

45

2.519

0.089

95.48

3.77

9

50
50

0
0

0.466
2.359

2.499

33.33

10

100
400

0.61

97.56

86.65
37.66

11

250

50

45

2.367

0.195

96.59

16.67

12

100

60

45

0.28

1.981

8.81

90.53

13
14

400

40

45

1.435

2.209

96.25

89.08

400

50

90

2.037

2.289

96.54

75.60

15

250

50

45

1.499

2.303

96.36

75.84

2.329
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3.1 Hawthorn leaf & flower

The most significant factor in the percentage yield obtained from hawthorn leaf and
flower was the significant interaction between pressure and percentage ethanol
(EtOH) (Fig. 2). An increase in the pressure gave rise to an increased percentage
yield. An increase in pressure, without the addition of modifier, caused a linear
increase in the percentage yield. However, increasing the pressure, with the addition
of a high percentage of EtOH caused a linear decrease in percentage yield. Applying
the highest pressure (400 bar) with no modifier could achieve the same high
percentage yield as applying the lowest pressure (100 bar) with a high percentage of
EtOH (Fig. 3). Temperature did not have a significant effect on the percentage yield
(Figs 2 & 3).

Figure 2. Main Effects Plots showing the effects of factors on the percentage yield from
haw thorn leaf & flower
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Figure 3. Response Surface Plots showing the effects of pressure and percentage EtOH
on percentage yield of hawthorn leaf & flower & their interaction. Temperature is
constant at 50°C

The effects of pressure, temperature and percentage EtOH on the percentage RSA of
hawthom leaf & flower are shown in Figs. 4-6. An increasing pressure led to an
increase in percentage RSA observed, up to a certain point before it begins to
decrease. This pattern was observed without the use of modifier and also with high
levels of modifier. The graph shows that percentage RSA can be constant at
approximately 95% at a pressure of 250 bar, independent of the percentage of ethanol
used, where there is an inflection point on the graph. Between 100 and 250 bar using a
high percentage EtOH increases the percentage RSA but between 250 bar and 400 bar
a high percentage EtOH decreases the percentage RSA. Therefore, using a high
percentage of EtOH is only beneficial to the percentage RSA at lower pressures. At a
temperature of 40°C the percentage RSA increases with increasing pressure and at the
highest pressure of 400 bar the percentage RSA seems to begin to decrease very
slightly (Figs. 4 & 5). This suggests that pressure is a more important factor than the
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temperature. Percentage RSA increases with a decrease in temperature from 60-40°C
independent of the % EtOH added (Fig. 6).

Figure 4. Response Surface Plots showing the effects of pressure & percentage EtOH on
percentage RSA of hawthorn leaf & flower & their interaction. Temperature is constant
at 50°C

Figure 5. Response Surface Plots showing the effects of pressure & temperature on
percentage RSA of hawthorn leaf & flower & their interaction. EtOH is constant at
45%
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Figure 6. Response Surface Plots showing the effects of temperature & percentage EtOH
on percentage RSA of hawthorn leaf & flower & their interaction. Pressure is constant
at 250 bar

3.2 Hawthorn Berr>'

Pressure was the most significant factor in obtaining a higher percentage yield from
hawthorn berries. Percentage yield increases to a certain point, just above 300 bar,
after which the yield is seen to decrease (Fig. 7). Temperature has the least significant
effect on the percentage yield. There is not a significant interaction between
temperature and pressure. At the optimum pressure of approximately 300 bar, the
temperature has little effect on the percentage yield (Fig. 8). There is a more
significant interaction between temperature and percentage EtOH. At a high
temperature the addition of a high percentage of EtOH had a negative effect on the
percentage yield. The absence of EtOH is most beneficial for a higher percentage
yield (Fig. 9).
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Figure 7. Main Effects Plot showing the effects of factors on the percentage yield from
hawthorn berrv

Figure 8. Response Surface Plot showing the effects of pressure & temperature on
percentage yield of hawthorn berr>' & their interaction. Ethanol is constant at 45®/o
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Figure 9. Response Surface Plots showing the effects of temperature & percentage EtOH
on percentage yield of haw'thorn berry & their interaction. Pressure is constant at 250
bar

The effects of pressure, temperature and % EtOH on the percentage RSA of hawthorn
berry are shown in Figs. 10-12. At a pressure of approximately 270 bar, 80% RSA can
be achieved independent of the temperature. Above this pressure, an increase in
temperature increases the percentage RSA. Whereas, below this pressure, an increase
in temperature decreases the percentage RSA. Applying the highest percentage EtOH
increased the percentage RSA up to a certain pressure of approximately 330 bar (Fig.
11). Above this pressure the percentage RSA begins to decrease. There is
approximately a 10% increase in percentage RSA when percentage EtOH is increased
from the lowest to highest percentage (Figs. 10 & 11). Temperature had the least
significant effect on the percentage RSA from hawthorn berries. Increasing the
percentage EtOH at the highest temperature of 60°C had little effect on the percentage
RSA. However at 40°C, as the percentage EtOH increases, percentage RSA also
increases. There is about a 25% increase in the % RSA from adding no EtOH to
adding the highest percentage EtOH at a temperature of 40°C (Figs. 10 & 12).
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Figure 10. Response Surface Plots showing the effects of pressure & temperature on
percentage RSA of hawthorn berry & their interaction. Ethanol is constant at 45‘*/o

Figure 11. Response Surface Plots showing the effects of pressure & percentage EtOH
on percentage RSA of hawthorn berry & their interaction. Temperature is constant at
50°C

73

Figure 12. Response Surface Plots showing the effects of temperature & percentage
Eton on percentage RSA of hawthorn berry & their interaction. Pressure is constant at

250 bar

SFE has become a popular method of extraction for use with botanical materials as it
can greatly reduce the time needed to complete the extraction and can also give an
extract equally as good or better than that obtained using classical extraction methods
(Wang et al., 2008). The critical point of carbon dioxide is reached above a
temperature of 31.1°C and a pressure of 73.8 bar. Above this point, carbon dioxide
becomes a supercritical fluid (Ramsey, 1998) and possesses the properties of both a
liquid and a gas (Herrero et al., 2006). The main aim when using SFE is to find the
most suitable combination of various operating parameters in order to obtain an
extract which contains the desired components. Pressure is perhaps the most
important operating parameter in SFE. It is the principle parameter that can influence
the efficiency of the extraction. An increase of pressure, at a certain temperature,
increases the fluid density, which increases the solubility of the compounds contained
in the matrix (Pourmortazavi and Hajimirsadeghi, 2007). It is recommended to keep
the temperature between 35 - 60°C when using SFE with natural materials. Going
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above this range may cause damage to thermo labile compounds present in the
material. Increasing the extraction temperature, at a certain pressure, reduces the fluid
density, which reduces the solvent power of the fluid but increases the vapour
pressure of the compounds present in the matrix (Reverchon and De Marco, 2006).
Every type of botanical material will differ when using SEE to extract certain
desirable compounds. Because of the competition between the pressure and
temperature parameters it must be determined through experimentation which
parameter has the most influence on the extraction being carried out.
Increasing pressure increased the percentage yield and percentage RSA from
hawthorn leaf & flower and hawthorn berries. This indicates that as the pressure
increases, at a certain temperature, the fluid density increases, helping the solvent to
penetrate into the matrix, allowing for better extraction (Zarena et al., 2012). For the
percentage yield of both the leaf & flower and the berries and also the percentage
RSA of the leaf & flower extraction, a high pressure had a positive effect on the
responses, with the temperature having little to no effect. This shows that a high fluid
density, as opposed to a high vapour pressure, is most beneficial for the outcome of
the extraction. However, this is not the case for the percentage RSA of the berries. A
high pressure and high temperature gave the highest percentage RSA for the
extraction of the berries. In this case, instead of the fluid density being more
beneficial than the vapour pressure, there seems to be some competition between
these two factors and a balance between the both needs to be met to get the best
results. At a pressure of 400 bar, raising the temperature from 40 - 60°C caused
approximately 15% increase in the percentage RSA.
The addition of a polar modifier to SFE usually has a positive effect on the outcome
of the extraction as polar compounds present in the plant matrix cannot be extracted
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with carbon dioxide alone. A polar modifier, like ethanol, increases the solubility of
polar eompounds by causing structures in the material to swell and break analytematrix interactions (Hamburger et al., 2004). At any pressure levels utilised, adding a
high percentage EtOH increased the percentage RSA from the berries. However, for
the percentage yield and the percentage RSA of the leaf & flower this was not the
case. A high percentage of EtOH was beneficial to the percentage yield and
percentage RSA at low pressures, but using a high pressure level without the addition
of any modifier could give better results. Senoraans et al also found that using no
modifier gave rosemary extracts with the best antioxidant activity (Seiiorans et al.,
2000). When looking at the percentage yield from the berries extraction, not adding
any modifier was again favourable to obtain the highest percentage yield. The highest
percentage yield was achieved when the temperature was at 60°C and without any
modifier. This may suggest that the solute vapour pressure also has an impact on the
extraction yield. The percentage EtOH had little effect on the percentage RSA of the
berries at the highest temperature of 60°C. However, when the highest level of EtOH
was added, the percentage RSA increased as the temperature decreased. This indicates
that the antioxidant compounds, of a polar nature, contained in hawthorn berries are
extracted more efficiently at lower temperatures when 90% EtOH is used as a
modifier and the pressure is fixed. This may also suggest that the solute vapour
pressure is not a very important factor for the extraction of antioxidant compounds
from the berries as a low temperature is more favourable.
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3.3 Optimization of the extractions
Hawthorn leaf & flower
The mathematical models representing the percentage yield (A) and percentage RSA
(B) of hawthorn leaf & flower as a function of the independent variables within the
region under investigation was expressed by the following equations:

(A)
Yield

=

-0.204867

4

0.00708389*Pressure

f

0.0303722*EtOH

0.0000968148* Pressure* EtOH
(B)
Yield

=

-0.204867

^

0.00708389*Pressure

0.0303722*EtOH

0.0000968148*Pressure*EtOH

The statistically generated optimum extraction conditions to obtain the best
percentage yield and percentage RSA were a pressure of 400 bar, a temperature of
50°C and no modifier. Desirability value was 0.71.

Hawthorn Benw
The mathematical models representing the percentage yield (C) and percentage RSA
(D) of hawthorn berries as a function of the independent variables within the region
under investigation was expressed by the following equations:
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(C)
Yield = 2.10627 + 0.0337769*Pressure - 0.227772*TeiTiperature + 0.0392407*EtOH
0.0000546638*Pressure^2

+

0.00279064*Temperature^2

0.000951852*Tempcraturc*EtOH

(D)
RSA - 18.7816 + 0.425334*Pressure - 1.25139*Temperature i- 0.526167*EtOH 0.00109303 *Pressure^2

+

0.006693 89* Pressiire*Temperature

0.01355*Tcmpcraturc*EtOH + 0.00269804*EtOH^2

The statistically generated optimum extraction conditions to obtain the best
percentage yield and percentage RSA were a pressure of 310.6 bar, a temperature of
60°C and 0.04% EtOH. Desirability value was 0.91.
As 0.04% EtOH contains such a low percentage of alcohol and high percentage of
water a trial was done using the 0.04% EtOH but also using no modifier. It was
determined that using no modifier actually gave better results, therefore using no
modifier was determined as being optimal. A reason for this result may be that using
modifier containing such a high percentage of water may cause clogging in the
extraction system (Burford ct al., 1993). Also, instead of using the predicted optimum
pressure of 310.6 bar, 310 bar had to be used. The extraction system did not have the
ability to set decimal point values.
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4. CONCLUSIONS

In this study the effects of pressure, temperature and % modifier were evaluated in
order to optimize the extraction parameters to achieve an efficient extraction of
extract yield and of antioxidant compounds from two different parts of the hawthorn
plant (leaf & flower and berries). Response surface methodology was applied, using a
3X3 Box- Behnken design, for this optimization. The results demonstrated that
pressure and temperature were the most effective parameters on the % yield and %
RSA. To achieve the best overall results for the two responses it was not favourable to
use ethanol as a modifier. The optimal conditions to obtain the highest yield and
highest antioxidant extracts, as predicted by response surface methodology were
pressure of 400 bar. temperature of 50°C and use of no modifier for hawthorn leaf &
Bower and pressure of 310 bar, temperature of 60°C and use of no modifier for
hawthorn berries. The high desirability value for hawthorn berries of 0.91 showed that
this was a suitable model to predict extraction conditions. The desirability value for
hawthorn leaf & Bower was slightly lower at 0.71 which suggests it could be possible
to generate a better model for this extraction that could achieve a higher desirability
value closer to 1. The fact that excluding the use of an organic solvent is favourable
for better extractions makes SFE an attractive extraction method. Not using organic
solvent for extraction means that a clean, “green” extract, free of any solvent residues
can be obtained. Consequently the production of antioxidant materials in this manner
provides for their use in numerous biological samples, particularly in food and
beverages, as clean label ingredients.
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Chapter 3
In vitro antioxidant activity and effects of Hawthorn
{Crataegus monogyna) extracts on lipid and
oxymyoglobin oxidation in bovine muscle model
systems
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ABSTRACT

Extracts from Hawthorn {Crataegus monog\^na) leaves, flowers and berries were
prepared using traditional, sonicated and supercritical fluid extraction (SFEFF = leaf
& flower, SFEFr = berries) techniques. Traditional (TFF = leaf & flower, TFr =
berries) and sonicated (SFF = leaf & flower, SFr = berries) extracts were prepared at
two concentrations (1:5 and 1:10). Commercial hawthorn extracts (CFF = leaf &
flower, CFr = berries) were also examined for comparative purposes. The total
phenolic content of the extracts was determined using the Folin-Ciocaltcu method. ///
vitro antioxidant activity was determined using the 2, 2-Diphcnyl-1-picrylhydrazyl
(DPPH) radical scavenging and the ferric reducing antioxidant power (FRAP)
antioxidant assays.

The effect of hawthorn extracts on oxymyoglobin and lipid

oxidation were examined in 25% muscle (M. longissimus dorsi) homogenates at pH
5.5 and 4°C. The commercial leaf & flower extract exhibited the highest antioxidant
activity in all of the experiments (including the homogenate work), with the sonicated
leaf & flower extracts also exhibiting high levels of antioxidant activity. There was a
significant positive correlation between the total phenolic content and the antioxidant
activities of all extracts for both the DPPH (r" = 0.9107) and FRAP assays (r^ =
0.9234), indicating that the phenolic contents of the extracts have a substantial
influence on the antioxidant properties of the extracts. The correlation between
TBARS and the in vitro antioxidant assays was not as significant (TBARS and DPPH
r^ = 0.6267, TBARS and FRAP r^ = 0.7062), indicating that these in vitro assays may
not be able to predict how' the extracts will perform in meat model systems. Overall

results demonstrate the potential of hawthorn extracts for use as antioxidant agents,
especially in muscle foods.
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1. INTRODUCTION

A free radical can be defined as ‘V/m’ atom or molecule that possesses an unpaired
electron'' and can be anionic, cationic or neutral (Punchard and Kelly, 1996). Reactive
oxygen species (ROS) arc free radicals formed in the body when oxygen is being
utilised during normal physiological and metabolic processes. It is estimated that
approximately 5% of all oxygen in the body is reduced to oxygen derived free radicals
(Verma et al., 2()08b). When the amount of free radicals present in cells cannot be
controlled by the antioxidant defence of the cells, oxidative damage can occur. Free
radicals can cause damage to different molecules in the body including carbohydrates,
proteins, lipids and DNA and are therefore involved in the initiation of aging and
many degenerative diseases sueh as eaneer, cardiovascular diseases and inllammation
(Wu el al., 2007; Verma et al., 2008b; Stefet al., 2009; Klaunig et al., 201 1).
It is believed that as we age our level of endogenous antioxidants declines. Nutritional
antioxidants may therefore play an important role in health. As our endogenous
antioxidants decline with age, free radical oxidation processes can then increase.
Nutritional antioxidants may therefore be very useful for protection against oxidative
stress, especially as we get older (Cutler and Rodrigues, 2003).
An antioxidant can be defined as “any substance which can delay or prevent the
oxidation of a substrate when it is present in small amounts relative to the amount of
substrate” (Rice-E\'ans and Burdon, 1994). Polyphenols are well known for
possessing antioxidant properties (Mongkolsilp et al., 2004; Froehlicher et al., 2009).
The antioxidant properties of phenolic compounds in vitro are based on their
structure, their ability to donate hydrogen and also their ability to bind metals. These
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naturally occurring plant antioxidants arc attractive as a nutritional source of
antioxidants that may help to slow down or prevent oxidative stress in the body
(Martinez, 2008).
Plant extracts containing antioxidant compounds are of great interest to the food
industry. Lipid oxidation eauses odour and flavour deterioration in food products.
Synthetic antioxidants such as butylatcd hydroxytolucnc (BHT) and butylatcd
hydroxyanisole (BHA) are used in foods to combat this problem, but in reeent years
there has been concerns over the safety and toxicity of these antioxidants (Abdalla
and Roozen, 1999). With a rise in consumer demands for natural and additive-lfee
food products, there has been an increased interest in finding natural alternatives for
use as antioxidants in foods (Babovic et al.. 2010). Studies have been conducted that
demonstrate antioxidant properties of many different plants extracts (Gyamfi et al.,
1999; Katalinic et al., 2006; Pourmorad ct al., 2006; Wojdylo et al., 2007;
Nuengchamnong et al., 2009; Roby ct al., 2013).
Antioxidants arc especially important for use in fiesh meat products. The colour of
meat, which is also associated with the freshness of meat products, is one of the most
influential factors in the customers’ decision to purchase a meat product. Myoglobin
is the protein responsible for the colour of meat. Once muscle becomes meat and is
exposed to the air deoxymyoglobin, which is a purple colour, is oxygenated to the red
form oxymyoglobin. When the meat begins to age oxymyoglobin is oxidised and the
result is mctmyoglobin which is brown in colour (O'Grady et al., 2000). Nutritional
and sensory properties of meat are negatively affected by lipid oxidation as it causes
the breakdown of essential fatty acids and vitamins. Toxic compounds are formed as a
result of lipid oxidation which causes the flavour, texture and colour of meat products
to deteriorate. The use of antioxidants to inhibit lipid oxidation has been successful at
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preventing diseolouration in meat as lipid oxidation promotes loss of desirable colour
in meat (Morrissey et al., 1998) Synthetic antioxidants have been used for many years
to reduce lipid oxidation in meat are still used. However, in recent years, because of
customer demand for clean label meat products, many manufacturers have been using
natural antioxidants instead (Hayes et al., 2009).
Hawthorn (Crataegus spp.) is a member of the Rosaceac family. Regarded as an
effective heart tonic, it can protect and strengthen the heart and its blood supply.
Circulation of blood around the body can be improved by hawthorn and it can be used
for a wide range of circulatory problems (Bruton-Seal and Seal, 2008). The Complete
German Commission E Monographs states that Crataegus mongyna or Crataegus
laevigata can be used to treat cases of cardiac insufficiency (Blumcnthal et al., 1998).
Clinical studies have indicated that hawthorn extract can increase exercise tolerance
in patients with congestive heart failure of NYHA (New York Heart Association)
class II (Dcgenring et al., 2003), exert cardioprotective effects and prevent myocardial
dysfunction (Vcveris et al., 2004) and can be used to treat chronic heart failure along
with conventional treatments (Pittlcr et al., 2008). The cardioprotective affects that
hawthorn exhibits are thought to be caused by the antioxidants present in the plant. It
is believed that the antioxidants may prevent damage from free radicals, lessen
subsequent damage to tissue and decrease the deposition of cholesterol in the arteries
(Zhang et al., 2001). Many in vitro studies have demonstrated the antioxidant
properties of hawthorn extracts (Sokol-Lqtowska et al., 2007; Bcmatonicnc et al.,
2008; Bernatoniene et al, 2009; Froehlicher et al., 2009).
The objective

of this study was to determine the phenolic content of different

hawthorn extracts using the Folin-Ciocalteu method and to compare the antioxidant
propcnics of these extracts using the DPPH free radical scavenging activity assay and
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the FRAP antioxidant assay. The inlluenee of these hawthorn extraets on lipid and
oxymyoglobin oxidation, which was induced in beef muscle model systems using
ferric chloride/sodium ascorbate, was also determined. Both hawthorn leaf & flower
and hawthorn berries were used for comparison. Two different experimental
concentrations were used to prepare the solvent extracts produced in this study and
these compared, with a commercial extract possessing a unique concentration of its
own.
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2. MATERIALS AND METHODS
2.1 Reagents
2, 2-Diphenyl-1-picrylhydrazyl (DPPH) (C18H12N5O6) , sodium acetate trihydrate
(CHsCOONa •

3H2O),

2,4,6-Tris{2-pyiidyl)-s-triazine (TPTZ) (C18H12N6), iron (III)

chloride anhydrous powder (Fe3C1.6H20), L-ascorbic acid (CcHsOc,) , Folin-Ciocalteu
reagent, sodium carbonate {Na2C03), gallic acid [(H0)3C6Fl2C02H], L-ascorbic acid
(sodium salt) (C6H706Na), 2-thiobarbituric acid (TBA) (C4II4N2O2S) and L-histidine
(C6H0N3O2) were purchased horn Sigma-Aldrich Ireland Ltd. (Vale Road, Arklow,
Wicklow, Ireland). Ferric chloride hexahydrate (FCCI3.6H2O) and potassium chloride
(KCl) were purchased from AnalaR (BDH Limited, Poole, England). Trichloroacetic
acid (TCA) (CI3CCOOH) was purchased from Merck (Darmstadt, Germany). All
solvents used were of analytical grade.

2.2 Hawthorn leaves, flowers and berry extracts
Hawthorn leaves (fol), Powers (Pos) and berries (fructus) were collected from
farmland hawthorn trees in Lissarda, Co.Cork. The leaves & Powers were collected
on

12”’

May 2011. The temperature and humidity on the day of collection was 12°C

and 80.5%, respectively. The berries were collected horn the same trees and location
on 8'*’ October 2011. The temperature and humidity on the day of collection was 15°C
and 94%, respectively. After collection all samples were dried in humidity chambers
at 30°C and 30% humidity. Samples were dried until a constant mass of sub-sample
was achieved (as much H2O as possible was removed).
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Commcrical hawthorn leaf & flower {Crataegus laevigata fol & flos) and berry
{Crataegus laevigata fructus) extracts were obtained from Herbs in a Bottle Ltd.
(Meadow Park Estate, Essendine, Near Stamford, Lincolnshire, UK). Crataegus
moiwgyna and Crataegus laevigata are used interchangeably in herbal medicine.
Crataegus laevigata was the only commercially available botanical material for this
study, therefore it is assumed that bio-activity from species to species is similar. The
commercial extracts were made up in 45% ethanol, with a herb to solvent ratio of 1; 3.

2.3 Preparation of Hawthorn extracts
Three different types of extracts were prepared with the dried hawthorn samples;
sonicated extracts, traditional extracts and supercritical fluid extracts. The same
procedure was followed for leaf, flower and berries.
Sonicated and traditional extracts were prepared by placing 5 g of sample into a glass,
amber bottle and adding either 50 ml of 45% ethanol (1 : 10 extract) or 25 ml of 45%
ethanol (1:5 extract). Leaf & flower material was roughly chopped for extraction and
the berries were left whole. To prepare the sonicated extract, material and solvent
were sonicated in an ultrasonic bath for 30 minutes before being vacuum filtered
through Whatman No.l filter paper. To prepare the traditional extract, material was
lefl to macerate in the solvent for 4 weeks, out of direct sunlight. The bottles were
agitated on a daily basis. After the 4 week maceration period, the material was
vacuum filtered through Whatman No.l filter paper. The volume of extract obtained
from both procedures was measured using a graduated cylinder, transferred into a
round bottomed flask and the solvent was removed by rotary evaporation (Buchi
Rotavapor R-215 Advanced) at 40°C. The extract was then freeze-dried to remove
water and reconstituted in methanol. The reconstitution volume was the same as that
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from the original cthanolic extraction. Methanol was used tor reconstitution as it was
more readily available and also as it is a more suitable solvent than ethanol for use
with antimicrobial assays. Extracts were stored at 4°C, in amber, glass bottles.
The solvent and water content was removed from the commercial extracts in the same
manner as the sonicated and traditional extracts. They were also reconstituted in the
same way and stored at 4°C in glass, amber bottles.
Supercritical fluid extraction (SEE) was perfonned using a Spe-ed SEE system
(Applied Separations, Allentown, PA, USA). The system was fitted with a 24 ml
stainless-steel extraction vessel. Botanical material (both leaf & flower and berries)
was ground to a powder using a DcLonghi KG49 coffee grinder. The resulting
powder was separated using graduated sieves to obtain particle sizes ranging from
125-25()pm. This material (5g) was mixed with 7g anhydrous sodium sulphate and 7g
fine white sand (to fill void space in the vessel). The vessel was filled with this
mixture for extraction. Cotton wool was placed at both ends of the vessel along with a
nitrile o-ring to prevent solid material from escaping from the vessel and to stop
leakages. The outlet valve temperature was set at 120°C for all extractions. The
extracts were collected in 4 ml amber vials fitted with silicone septa. After each
extraction the outlet line of the SEE instrument was flushed with approximately 1 ml
of methanol to clean any extract from the line, which was collected into the same vial
as the extract. Each extraction vial was then dried down under a stream of nitrogen to
remove all solvent. Each extract was reconstituted in 3ml methanol, sonicated in a
water bath at 40°C for approximately 40 minutes and filtered through a 0.2pm filter
prior to analysis. Extracts were stored at -20°C prior to analysis.
The optimal conditions for SEE of antioxidant compounds from both hawthorn leaf &
flower and hawthorn berries had previously been determined in Chapter 2. Optimal
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SFE conditions for extraction of hawthorn leaf & flower consisted of; pressure of 400
bar, temperature of 50°C and the absence of a modifier. Optimal conditions for the
extraction of hawthorn berries consisted of; pressure of 310 bar, temperature of 60°C
and the absence of a modifier. Using the Statgraphics software, the optimal
percentage ethanol for use as modifier was 0.04. By conducting a trial using 0.04%
ethanol and then using no modifier, it was determined that using no modifier gave
better results, therefore no modifier was used for extractions. There was a static
extraction time of 20 minutes and a dynamic extraction time of 15 minutes, with a
CO: fow rate of 5 L/min, for each extraction. Therefore, there were a total of 12
different extracts to be analysed (Table 1).

Table 1. Hawthorn extracts prepared for analysis

Hawthorn leaf/flower (fol & flos)

Hawthorn berry (fructus)

Commercial (CFF)

Commercial (CEr)

Sonicated, 1:10(SFF10)

Sonicated, l:10(SFrl0)

Sonicated, 1 ;5 (SFF5)

Sonicated, 1:5 (SFr5)

Traditional, 1:10(TFF10)

Traditional, l:10(TFrl0)

Traditional, 1:5 (TFF5)

Traditional, l:5(TFr5)

Supercritical (SFEFF)

Supercritical (SFEFr)
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Figure 1. Flow diagram of Hawthorn extraction methods
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2.4 Total phenol content of hawthorn extracts
Total phenol content of the extracts was measured using the Folin-Ciocalteu method
described by Gao et al (Gao et ah, 2000) with slight modifications by Wojdylo et al
(Wojdyto et ah, 2007). Hawthorn extracts (100 pi) were mixed with 200 pi of FolinCiocalteu reagent and 2 ml of distilled water. This mixture was held at room
temperature for 3 minutes before adding 1 ml of 20% sodium carbonate and incubated
for 60 minutes at room temperature. The absorbance of the final mixture, which
formed a blue colour, was measured at 765 nm using a spectrophotometer (Shimadzu
UV-1800, Duisburg, Germany). The blank contained 100 pi of methanol instead of
extract. Total phenolic content of each extract was expressed as gallic acid equivalent
(GAE) in mg/ml extract. The standard curve was prepared using a gallic acid standard
solubilised in methanol.

2.5 DPPH fi*ee radical scavenging activity of hawthorn extracts
The antioxidant activities of the hawthorn extracts were determined using the DPPH
tree radical scavenging activity assay, according to the method of Nuengchamnong et
al (Nuengchamnong et ah, 2009) with slight modifications. Extracts (75 pi) were
mixed with 150 pi of 0.2mM DPPH in methanol in 96 well microtiter plates and
incubated at 37°C for 30 minutes. Absorbance measurements were recorded at 517nm
using a Molecular Devices SpectraMax

190 spectrophotometer plate reader

(Molecular Devices, California, USA). Controls contained 75 pi of methanol. Sample
blanks were also prepared for each extract consisting of 150 pi methanol and 75pl of
extract. The absorbance reading for the extract blanks were subtracted from the assay
absorbance readings. This step was necessary to coirect for the strong colour present
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in some of the extracts which interfered with the DPPH assay absorbance readings.
The radical scavenging activity (% RSA) of the extracts was calculated as follows;

Absorbance of control — Absorbance of sample
%RSA =---------------- --------- ---------- ----------- -—-------- —
{Absorbance of control)

X

100

A standard curve was prepared using a range of dilutions of ascorbic acid dissolved in
methanol.

Concentration (mg/L) was plotted against the percentage radical

scavenging activity and this was used to express the results in milligrams of ascorbic
acid equivalent (AAE) litre of extract.

2.6 FRAP (ferric reducing antioxidant power) antioxidant activity of hawthorn
extracts
Total antioxidant activity was measured using a modified FRAP methods of Benzie
and Strain (Benzie and Strain, 1996, 1999). The FRAP reagent was prepared by
mixing 25 ml of 300 mM acetate buffer (pH 3.6), 2.5 ml of 10 niM TPTZ solution and
2.5 ml of 20 mM Fe3C1.6H20 solution. The reagent was incubated at 37°C for a
minimum of 10 minutes prior to use. The TPTZ and Fe3C1.6H20 solutions were made
hesh on each analysis day. FRAP reagent (150 pi) was added to a 96-wcll plate.
Extract (20 pi) was added to the wells and methanol (20 pi) was added to wells as an
assay blank. Following incubatation at room temperature for 8 minutes the absorbance
was

measured

at

593

nm

using

a

Molecular

Devices

SpectraMax

190

spectrophotometer (Molecular Devices, California, USA). The average blank reading
was subtracted from the average sample readings to determine the FRAP value of the
extracts. Triplicates of known ascorbic acid, mcthanolic solutions were run
simultaneously using a range of concentrations of the standard. FRAP values of the
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extracts were determined using a standard curve and results were expressed as
milligrams of ascorbic acid equivalent (AAE)/litre of extract.

2.7 Preparation of muscle homogenates
Beef samples (M. longissinius dorsi) were obtained from Ballyburden Meat
Processors, Cork, Ireland and stored at -20°C until used. Muscle homogenates were
prepared (25%) by homogenising chopped beef sample (50g) in 150ml of0.12M KCl
5mM histidine, pH 5.5 buffer. This was homogenised using an Ultra Turrax T25
(Janke and Kunkel, IKA-Labortech-nik, GmbH & Co., Germany) at 24,()00rpm for 5
minutes. The sample and buffer were surrounded by ice while being homogenised. All
of the original botanical extracts were diluted 1:2 and 0.5ml of each of the 12 extracts
were added to homogenates. The working concentration selected was based on
preliminary experiments carried out using SFF5. A range of concentrations of this
extract were used to determine an optimum concentration for all the extracts in
muscle homogenates. The final volume of the homogenate after addition of pro
oxidants and hawthorn extracts was 20ml. Samples were also run simultaneously,
with the homogenate alone, without the addition of a hawthorn extract, with the
homogenate and botanical extract alone, and with the addition of lOOpM Trolox C in
methanol instead of a botanical extract. Oxidation was initiated in individual plastic
beakers by the addition of equimolar 45pM FcCb/sodium ascorbate pro-oxidants.
Lipid and oxymyoglobin oxidation in muscle homogenates were measured after 24
hours storage at 4°C.
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2.8 Measurement of lipid oxidation
A modified version of the 2-thiobarbituric acid-reactive substances (TBARS)
procedure by Siu and Draper (Siu and Draper, 1978) was used to measure the lipid
oxidation. 10% TCA (4 ml) was added to 4 ml of muscle homogenate and centrifuged
at 5,268g for 15 minutes at 4°C using a Beckman Model J2-21 centrifuge (Beckman
Inc., Palo Alto, California, U.S.A.). The supernatant was then filtered through
Whatman No.l filter paper. In a screw-topped test-tube, 4 ml of the clear filtrate was
added to 1 ml of 0.06 M TBA reagent. A blank containing 2 ml of buffer, 2 ml of 10%
TCA and 1ml of 0.06 M TBA reagent was also prepared. Tubes were heated in a
water-bath at 80°C for 90 minutes. Absorbance was then measured at 532 nm against
the blank using a spectrophotometer (Cary 300 Bio, UV-vis spectrophotometer,
Varian Instruments, California, U.S.A.). Results were reported directly as absorbance
values at 532 nm.

2.9 Measurement of oxymyoglobin oxidation
Muscle homogenate (7 ml) was centrifuged (Beckman Model .12-21) at 13,912g for 15
minutes at 4°C. The supernatant was filtered through Whatman 541 filter paper and
re-centrifuged at 13,912g for 15 minutes at 4°C. The absorbance of the samples was
recorded using a double-beam spectrophotometer (Cary 300 Bio).

Absorbance

measurements were recorded at 525, 545, 565, 575 and 730 nm. The relative
proportion of oxymyoglobin, as a percentage of the total myoglobin content, was
calculated as described by Krzywicki (Krzywicki, 1982).
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2.10 Statistical analysis
Each experiment was performed in triplicate and the results were expressed as mean
values ± standard deviation (SD). The data was analysed by ANOVA using
Statgraphics Centurion Version XVI (StatPoint Technologies Inc., USA). Differences
between means at the 5% level were determined using the LSD (least significant
difference) test.
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3. RESULTS AND DISCUSSION
3.1 Total Phenolic Content and Antioxidant Assays
The total phenolic content of the hawthom extracts were determined using the FolinCiocaltcu method. It is a simple, sensitive and precise method used to determine the
total phenolic content of natural products and it is based on a redox reaction (Prior et
al., 2005). The amount of total phenolics measured varied widely in the extracts
examined and ranged from 3.09 to 0.03 mg GAE/ml (Table 2). The richest source of
phenolic compounds was determined to be CFF while the poorest source of phenolic
compounds was found in SFrlO. CFr also had a very high level of total phenolics
(2.24 mg GAE/ml). All of the other leaf & flower extracts had quite a high level of
phenolic compounds (between 1.42 and 1.98 mg GAE/ml); with the exception being
the SFE extract (().4()9 mg GAE/ml). Apart from CFr, all other berry extracts had
quite low levels of phenolic compounds.
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Table 2. Total phenol content, DPPH radical scavenging activity' and FRAP total
antioxidant activity of hawthorn extracts.
Total Phenolics
(mg GAE/ml)

DPPH radical-scavenging
activity’ (mg AAE/L)

FRAP total antioxidant
activity (mg AAE/L)

Sonicated, 1:10 (SFFIO)
Sonicated, 1:5 (SFF5)
Traditional, 1:10 (TFFIO)
Traditional, 1:5 (TFF5)
Supercritical (SFEFF)

3.085 + 0.024“
1.981 ±0.053 ^
1.983 + 0.054 ^
1.424 + 0.051 “
1.613 + 0.031
0.409 + 0.003

3620 + 0.00 “
3082 + 23.52
2755 + 10.15
1738.33 + 31.26*^
1511.67 + 67.88 ^’
89.2 + 2.35 ^

2725 + 106.23 “
1630.99+ 15.57
2155.90+ 10.47"
955.84 + 74.02*'
1032.91 + 121.71 *'
232.41 + 17.63 "

Fructus
Commercial (CFr)
Sonicated, 1:10 (SFrlO)
Sonicated, 1:5 (SFr5)
Traditional, ]:10(TFrl0)
fraditional, 1:5 (TFr5)
Supercritical (SFEFr)

2.244
0.032
0.044
0.800
0.913
0.303

1991 +68.79*^
56.73 + 10.25 ''
26.93 + 3.25 ''
1147.67 + 29.09'
1039 + 48.77 '■
66.23 + 0.71

1477.40 + 60.28 *'
105.25 + 14.69*^
95.57 + 3.87
531.42 + 16.79'’
537.43 + 1.80'’
182.13 + 12.13

Extract
Fol & tlos
Commercial (CFF)

+ 0.079
+ 0.001 ^
+ 0.006
+0.019
+0.038 '
+ 0.010 '

Mean values ( ± standard deviation) in tlie same column with different superscripts arc significantly different. P <

0.05.

The DPPH assay is a simple, sensitive assay that is commonly used to analyse natural
materials. DPPH is a stable organic nitrogen radical. It possesses a strong purple
colour when dissolved in methanol. When it accepts a hydrogen atom from an
antioxidant it turns from purple to yellow. The unreduced form of DPPH shows a
strong absorption maximum at 517nm (Moon and Shibamoto, 2009). All hawthorn
extracts analysed exhibited free radical scavenging abilities. However, the radical
scavenging abilities of the hawthorn extracts varied quite widely (Table 2). The
highest level of activity was observed with CFF at 3620 mg AAE/L, while the lowest
level was with SFr5 at 26.93 mg AAE/L. Of the leaf & flower extracts, SFFIO and
SFF5 also exhibited high levels of activity (3082 and 2755 mg AAE/L, respectively).
The activity of the two traditional leaf & Lower extracts, TFFIO and TFF5, was also
quite high (1738 and 1511 mg AAE/L, respectively). The supercritical extract
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(SFEFF) exhibited the lowest level of activity of all the leaf and flower extracts (89.2
mg AAE/L). CFr had the highest activity of the berry extracts analysed at 1991 mg
AAE/L. The two traditional extracts (TFrlO and TFr5) also exhibited quite high levels
of activity at 1147 and 1039mg AAE/L, respectively. The supercritical extract
(SFEFr) did not exhibit the lowest level of activity for berry extracts (66.23 mg
AAE/L), but it was not much higher than the two sonicated extracts (SFrlO and SFr5)
which showed the lowest activity of the berry extracts, with SFr5 showing the lowest
level overall.
The FRAP antioxidant assay was used to evaluate the antioxidant power of the
extracts as it is a fast, simple, inexpensive and robust method. The FRAP assay is
based on an electron-transfer reaction. A strong blue colour is formed when a Fe^' TPTZ complex is reduced to the Fe^^ form by an antioxidati\’e agent. The absorption
maximum for this form is at 593nm (Phipps et al., 2007; Moon and Shibamoto, 2009).
The antioxidant acti\ity of the hawthorn extracts again varied quite widely and ranged
horn 2725 to 95.57mg AAE L (Table 2). I'hc greatest antioxidant activity was
observed with extract CFF and the lowest activity determined for extract SFr5. SFF5
also exhibited a high level of antioxidant activity (2155.9mg AAE/L). All of the other
leaf & llower extracts exhibited a relatively high level of antioxidant activity (from
1630.99 to 955.84mg AAE/L); with the exception of the supercritical extract which
exhibited low activity (232.41 mg AAE/L). CFr was the only berry extract that
showed quite high antioxidant activity at 1477.40 mg AAE/L. The other berry extracts
were all found to possess relatively low levels of antioxidant activity, with sonicated
extracts having the lowest lexels overall.
Plants produce secondary metabolites called polyphenols to protect themselves from
attack from other organisms. Polyphenols are very important in our diets as they
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possess antioxidant properties which assist in preventing diseases associated with
free radical damage such as cancer and cardiovascular disease (Tsao, 2010). Plant
phenolics are very effective antioxidants and free radical scavengers and can help
protect cells from oxidative damage caused by reactive oxygen and nitrogen species
(Wu et al., 2005; Jaitak ct al., 2010; Tsao, 2010). Plant polyphenols have the ability to
donate an electron or hydrogen atom which neutralises free radicals. Polyphenols arc
also known to act as metal chelators. Transition metals such as Fe^^ can be chelated
by polyphenols which can reduce the amount of Fenton reactions that occur,
preventing reactive hydroxyl radicals from putting our systems under oxidative stress
(Tsao, 2010).
It is believed that the main polyphenols possessing antioxidant activity arc phenolic
acids and tlavonoids (Wojdylo et al., 2007). It has also been shown

that the

antioxidant

structure

activity

of phenolic

compounds

depends

upon

their

(Rernatoniene et al., 2008). The antioxidant activity of phenolic compounds mainly
depends upon the number of hydrogen-donating hydroxyl groups present on the
aromatic ring structure of the phenolic compound and also the positions of these
hydroxyl groups (Wu et al., 2005). The amount of polyphenols present in given
extracts depends on the polarity of the antioxidant compounds and the solvents being
used for the extraction (Maisuthisakul et al., 2007; Wojdylo et al., 2007). In this study
ethanol was used for the extraction as it the most common solvent used for herbal
extractions and can be safely consumed and used in the food industry. Methanol was
used for analysis as it was more readily available in larger quantities. Aqueous
extracts were not analysed as Rernatoniene et al had previously compared ethanolic
and aqueous extracts from hawthorn berries and found that the ethanolic extracts
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exhibited far better antioxidant activity, which is most commonly the case with herbal
extracts (Bernatoniene et al., 2008).
The results showed that the leaf & flower extracts exhibited a higher level of
antioxidant activity overall when compared to the berry extracts, with CFF showing
the best results in all of the assays. The fact that the CFF extract is more concentrated
(1:3 herb to solvent ratio) than the other extracts is probably the main reason that it
exhibits better activity than the other extracts. However, the sonicated leaf & flower
extracts also exhibited very high antioxidant activities, not much less than that of the
CFF extract. This shows that using sonication, which takes a significantly shorter time
than traditional extraction, may be a promising method for extracting antioxidant
compounds from hawthorn. A 1:3 extraction was not carried out with the collected
hawthorn material in the laboratory as with the small amounts being used for the
extractions, and with limited equipment, it was not possible to have all of the material
immersed in the solvent at that ratio. If it had been possible to carry out a 1:3
extraction, using an ultrasonic bath for the extraction, it is very likely that this extract
would have exhibited even higher antioxidant levels than the CFF extract.
Finding that the hawthorn leaf and flower has better antioxidant properties then
hawthorn berries supports the fact that Commission E Monographs only has an
approved monograph for hawthorn flower with leaves. There are another three
unapproved monographs looking at the berry, flower and leaf individually but the
Commission evaluated them negatively as there was not scientific documentation to
support the claims being made (Blumenthal et al., 1998). However, what is regarded
as the best hawthorn tincture includes extract from the leaf & flower and then later
when ripe, the berry extract is also added to this (Bruton-Seal and Seal, 2008).
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The results from the supereritieal extracts of both leaf & flower and berries, did not
compare very well with the other extracts. The only extracts that exhibited lower
levels of antioxidant activity, than the supercritical extracts, were the sonicated berry
extracts. This did howexer seem apparent even when the extractions were being
carried out. The dried berries obviously could not be penetrated very well with the
solvent within the 30 minutes that the sonicated extraction was carried out. The colour
of this extract was very pale and translucent compared to all the other extracts. From
the poor results obtained with the supercritical extracts, it seems that the antioxidant
compounds present in hawthorn are predominantly polar in nature. When optimizing
the supercritical conditions for the extraction of antioxidant compounds horn
hawthorn in a previous study, ethanol was added as a modifier. However, it was
concluded that better results were obtained without the addition of modifier. This may
suggest that different parameters could be explored when extracting antioxidant
compounds from hawthorn using SFE in order to possibly obtain a more potent
antioxidant extract that may be more comparable to the solvent extracts.
An interesting result observed in this study was that in the DPPH free radical
scavenging assay, the less concentrated 1;10 extracts, for both the sonicated and
traditional extracts and for both the leaf & Power and berry extracts, exhibited greater
antioxidant activity than the 1:5 extracts (Table 2). In the FRAP antioxidant assay,
this was also the case with the sonicated berry extracts. There was, however, very
little difference between the antioxidant activity of these two extracts in the FRAP
assay and this may also be put down to the fact that sonication does not seem to be a
very efficient extraction method for use with the dried berries, as previously outlined.
Antioxidant properties of some plants have been found at high concentrations or,
conversely, at low concentrations (Sokol-Lytowska ct al., 2007). It is therefore always

02

beneficial to assess ditferent concentrations of plant extracts when attempting to
establish antioxidant activity.
The quantity of certain antioxidant compounds deposited in each part of a plant is
typically different (Tachakittirungrod et al., 2007). The berries, leaves and Oowers of
hawthorn do contain phytochcmically similar components, however, the ratio of
certain Oavonoids and procyanidins differs in different parts of the plant. The berries
have been shown to contain higher levels of hyperoside while the leaves are rich in
vitexin-2-rhamnoside (Tassell et al., 2010). It has also been shown that the flowers
contain higher levels of tlavonoids while the highest levels of oligomeric
procyanidins are found in the leaves (Mills and Bone, 2000). The higher levels of
these certain compounds in the leaf & flower extracts may be what facilitates these
extracts to be more potent antioxidants. Bernatoniene et al (Bernatoniene et al., 2009)
found that hawthorn berries contained mostly epicatechin and hyperoside

while

Tadic et al (Tadic et al., 2008) also found that hyperoside was a major component of
hawthorn berries along with identifying chlorogcnie acid, vitexin, rutin, isoqucrcitrin
and quercetin in the beny extract (Tadic et al., 2008). This suggests that these named
compounds may be very likely to be among the many compounds responsible for the
antioxidant properties of the plant.
Other studies analysing the antioxidant properties of hawthom berries also reported
positive results using in vitro assays. Liu et al (Liu et al., 2008), using an unspecified
species of hawthorn berry, reported antioxidant activity using both the FRAP and the
DPPH assays. Bernatoniene et al (Bernatoniene et al., 2009) reported antioxidant
activity oi' Crataegus monogyna berries using the DPPH assay and Tadic et al also
reported antioxidant activity of Crataegus monogyna and Crataegus oxycantha
berries using the DPPH assay (Tadic et al., 2008).

03

Total phenolic content and antioxidant activity showed very good correlation. The
relationship between total phenolic content and DPPH radical scavenging activity was
plotted as shown in Figure 2 (a) and the relationship between total phenolic content
and FRAP total antioxidant activity was plotted as shown in Figure 2 (b). The
correlation coefficient (r^) between the two parameters in both (a) and (b) was above
0.9. This indicates that there is a significant positive relationship between the total
phenolic content and the antioxidant activities of the extracts. This also suggests that
the phenolic compounds in the extracts provide considerable antioxidant activity.
Therefore, the phenolic content of extracts may be a good indicator of the antioxidant
capacity of the extracts. Many other studies have reported a positive correlation
between total phenolic content and antioxidant activity (Gao ct al., 2000; Jaitak et al.,
2010) and also other hawthorn studies have reported a positive correlation (Liu et al.,
2008; Bernatoniene et al., 2009). However, there are also reports of negative
correlation between total phenolic content and antioxidant activity (Kahkonen et al.,
1999; Tachakittirungrod et al., 2007)

Figure 2. Correlation bet^^een total phenolic content and radical scavenging activity (a)
and total phenolic content and total antioxidant activitv' (b) of hawthorn extracts
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3.2 Lipid and oxymyoglobin oxidation in bovine muscle model systems
Many researchers examining lipid and oxymyoglobin oxidation have used solutions of
oxymyoglobin combined with microsomal or liposomal lipids. Bovine muscle model
systems, consisting of muscle homogenates, were used in this study as these models
would contain all the natural components of bovine muscle and would give a more
realistic representation of what would occur in meat products (O'Grady et al., 2001).
Lipid oxidation increased after the homogenate was stored for 24 hours at 4°C in the
presence of the pro-oxidants alone. All of the hawthorn extracts decreased the level of
lipid oxidation which occurred in the homogenates (Table 3). The percentage decrease
in lipid oxidation, as affected by hawthorn extracts, varied widely.

CFF extract

exhibited the largest decrease in lipid oxidation with a 90% reduction, whereas the
SlOFr extract could only decrease lipid oxidation by 14%. However, the positive
control Trolox C, was better than any of the extracts examined, exhibiting a 95yo
decrease in lipid oxidation. In comparison to the other extracts, SFE extracts for both
hawthorn leaf & Bower and berries performed better as antioxidants in the muscle
model system than in the previous assays. SFE leaf & Bower extract decreased lipid
oxidation to a greater extent than both traditional leaf & Bower extracts. SFE berry
extracts also exhibited greater activity than either of the sonicated berry extracts or the
TlOFr extract. CFr had the most dramatic effect in reducing lipid oxidation among
the berry extracts, resulting in a 59% decrease in lipid oxidation compared to the
homogenate containing the pro-oxidants alone.
In the homogenate containing only the pro-oxidants there was a drop in the
percentage of oxymyoglobin of approximately 57% when compared to the control
containing homogenate alone (Table 3). All extracts decreased the level of
oxymyoglobin oxidation in the homogenates, with the CFF extract again offering the
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highest level of protection from oxidation (81.99 ± 3.79% OxyMb). The CFF extract
prevented oxymyoglobin oxidation to a greater degree than the positive Trolox C
control, however, there was only a very slight difference between the acti\'ity that
both exhibited (approx. 5%). The SFrlO extract exhibited the lowest level of
antioxidant activity, with the homogenate containing 41.53 ± 7.75% oxymyoglobin.
The SFr5 extract showed almost the same activity after storage containing 41.64 ±
7.33% oxymyoglobin. These two extracts were the weakest in temis of antioxidant
activity against oxymyoglobin oxidation, exhibiting only a very slight increase in the
oxymyoglobin percentage when compared to the homogenate containing the pro
oxidants alone. The CFr extract was the best of the berry extracts at preventing
oxymyoglobin oxidation (75.04 * 6.93). SFE extracts again showed more promising
activity in the muscle system than in the previous antioxidant assays. The SFEFF
extract could prevent oxymyoglobin oxidation to a greater degree than either of the
traditional leaf & flower extracts, while the SFEFr extract exhibited better activity
than either of the sonicated berry extracts.
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Table 3. Lipid and oxymyoglobin oxidation in 25Vo bovine M. lon^iissimus dorsi
homogenates following the addition of haw thorn extracts *
Incubate
H’
H + P"
H + P + T*'

Stored for 24 hrs at 4°C
TBARS'
0.117 ±0.070 "
1.362 ± 0.039
0.070 ± 0.028 ^

Oxy Mb (%)'
95.91 ±4.16^
38.96 ±6.06*^
77.17 ±3.79

H
H
H
U
H
H

0.136 ±0.062 ^
0.580 ±0.081
0.563 ± 0.030
0.913 ±0.058
0.832 ±0.066
0.707 ± 0.053 ^

81.99 ±3.79
75.67 ± 7.33
69.26 ± 5.27
61.66 ± 15.87 ^
62.19 ± 17.02 ^
68.95 ± 10.10*’^

0.563
1.177
1.169
0.818
0.743
0.777

75.04 ± 6.93
41.53 ±7.75
41.64 ±7.33
62.32 ± 15.55
65.68 ± 13.21
60.58 ± 14.70

+ P + CFF
+ P + SFFIO
+ P + SFF5
+ P + TFF10
+ P + TFF5
+ P + SFEFF

H
H
H
11
H
H

+ P + CFr
+ P + SFrlO
+ P + SFr5
1 P +TFrlO
+ P + TFr5
1 P f SFEFr
Mean values ( + standard deviation )

± 0.062 ”
± 0.037 '
± 0.044 '
±0.058
± 0.060
± 0.055

in the same column with different superscripts are significantly different, P
0.05
'Units of absorbance at 532nin
“Oxyniyoglobin, % of total
'25% M.lon^is.simiis Jor.si lioniogcnatc
'*FcCI',/ascorbatc
^100|jM Trolox U

<

As the extracts were of a green colour a preliminary experiment was run to ensure that
the green colour did not interfere with the scans on the spectrophotometer. The scan
featured in Figure 3 shows that the extract had very little effect on the homogenates
spectrum.
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Figure 3. Spcctrophotometric scan comparing the homogenate alone with the
homogenate plus haw'thorn extract (SFF5)

Complex mixtures of aldehydes, ketones, hydrocarbons, esters, lactones and alcohols
may be produced as a result of lipid oxidation. The production of these compounds
can lead to off-odours being generated in meat products (Hur et al., 2004). Du et al
have reported that the proportion of polyunsaturated fatty acids in fat may
significantly influence the rate at which lipid oxidation occurs (Du et al., 2000).
As can be seen from the results from the muscle model system experiments, the leaf
& flower extracts gave the best overall activity, similar to the previous antioxidant
assays. The CFF extract exhibited the highest antioxidant activity among all of the
extracts. The main reason for this is probably because this extract is more
concentrated than all of the others (1:3 herb to solvent ratio). The leaf & flower
extracts exhibiting better antioxidant activity is possibly due to the compounds that
are more abundant in the leaf & flower of hawthorn than in the berries, as mentioned
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earlier in the discussion. The sonicated berry extracts again exhibited the weakest
activity from all of the extracts tested. As already mentioned, it was visually apparent
that this method of extraction was not going to provide very potent antioxidant
extracts.
The SFE extracts did however perform slightly better in the lipid and oxymyoglobin
oxidation experiments (Table 3). Most studies conducted examining the antioxidant
properties of botanical extracts use in vitro assays such as the FRAP or DPPH assay
to determine the antioxidant potencies of the extracts. While these assays can be very
uselul they do not determine how the extracts may behave as antioxidant agents in
vivo. The fact that the SFF extracts exhibited better antioxidant propcilics in the meat
homogenates compared to the other extracts may mean that in vivo they would also
perform similarly.
The results of the antioxidant assays and the lipid and oxymyoglobin oxidation
experiments were quite similar. The CFF extract performed the best in all of tests
conducted and the extracts that exhibited the lowest levels of antioxidant activities
were also similar in all of the tests. However the coefficients of correlation that were
determined between the various tests do not indicate that there is a significantly
positive relationship between the antioxidant assays and the lipid and oxymyoglobin
oxidation experiments (Table 4). While there is a relationship between the different
types of tests it may not be strong enough to accurately predict how the extracts will
perform as antioxidant agents in a bovine meat model system if the DPPFl or FRAP
assays were being used as preliminary tests.
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Table 4. Correlation coefficients between DPPH, FRAP, TEARS and OxyMb. %

DPPH

FRAP

TBARS

DPPH

-

FRAP

0.9301

-

TBARS

0.6267

0.7062

-

OxyMb. %

0.5914

0.5785

0.8907

OxyMb. %

-

The protective el'fect of hawthorn extracts against oxymyoglobin oxidation may be
due to the lipid antioxidant activity that the extracts exhibit (Hayes et al., 2009). As
discussed earlier, because of the high correlation between the DPPH and FRAP assays
and the phenolic content of the extracts, it can be assumed that the phenolic contents
contained in the extracts are the main compounds responsible for the antioxidant
properties of the extracts. Antioxidant compounds present in the extracts are
responsible for maintaining oxymyoglobin levels which can supress lipid oxidation
and therefore stabilise oxymyoglobin (Hayes et al., 2009). O’Grady et al (O'Grady et
al., 2001) found that oxymyoglobin oxidation increases in the presence of oxidising
lipids but significant increases in lipid oxidation can occur before significant
oxymyoglobin oxidation is detected. These authors reported that there was a close
relationship between lipid and oxymyoglobin oxidation and that an increase in one
results in a similar increase of the other due to free radicals produced by lipid
oxidation. The authors stated however that it was not clear if lipid oxidation
contributed to oxymyoglobin oxidation if oxidation was not induced by the addition
of pro-oxidants such as FeCf/ascorbate. In another study conducted by O’Grady et al
(O'Grady et al., 1998), the authors proposed that

lipid oxidation accelerated

oxymyoglobin oxidation. When minced beef was stored in high-oxygen packs it was
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found that oxymyoglobin oxidation was only significantly accelerated when a certain
level of lipid oxidation had been surpassed. Based on this theory, controlling
autoxidation in meat systems using antioxidants such as hawthorn extracts, should in
turn, reduce the rate at which oxymyoglobin is degraded (Balentine et al., 2006).
Another theory is that the increase in redox potential during lipid oxidation is likely to
oxidise oxymyoglobin (Hur et al., 2004). Schaefer et al (Schaefer et al., 1985) have
suggested that the products of lipid oxidation are more water-soluble than their parent
compounds, therefore it is possible for them to enter the cytoplasm where they can
interact with myoglobin and speed up its rate of oxidation.
A recent revision of the factors that intlucnce the oxidation of oxymyoglobin has
reported that consumption of oxygen that results from lipid oxidation may be enough
to speed up oxymyoglobin oxidation through a lowering of partial oxygen pressure
(f'austman et al., 2010). Through this mechanism, the antioxidant compounds of
hawthorn extracts may be able to lower metmyoglobin formation by lowering the
oxygen consumption that is linked to lipid oxidation (Rodn'gucz-Carpcna ct al., 201 1).
The high correlation observed between the TBARS values and the % of
oxymyoglobin contained in the homogenates (Table 4.) after addition of the extracts,
supports the theory that lipid oxidation and oxymyoglobin oxidation are interrelated.
Many other natural antioxidants have been successful at providing protection against
lipid and oxymyoglobin oxidation in bovine systems. Plum puree added to low fat
beef patties could inhibit lipid oxidation and improve the colour of the meat (YildizTurp and Serdaroglu, 2010). Noni puree mixed with ground beef could inhibit lipid
oxidation, improve shelf-life and colour stability (Tapp et al., 2012). The addition of
rosemary extract to beef from cattle that had been feed a diet supplemented with
Vitamin E could improve the oxidative stability of the meat (Formanek et al., 2001).

Olive leaf extract exhibited antioxidant effects against lipid and oxymyoglobin
oxidation in bovine muscle model systems (Hayes et al., 2009) and tea catechins
could prevent lipid and oxymyoglobin oxidation in minced beef (Tang et al., 2006). It
is possible that compounds from hawthorn such as hyperoside, vitexin-2-rhamnoside,
oligomeric procyanidins, epicatcchin, chlorogcnic acid, vitexin, rutin, isoquercitrin
and quercetin, and possibly many more, work syncrgistically to inhibit lipid and
oxymyoglobin in bovine muscle muscle model systems.
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4. CONCLUSIONS

All of the extracts analysed exhibited antioxidant properties, but the commercial leaf
& flower extract exhibited the highest levels. The sonicated leaf & flower extracts
also exhibited a very high level of activity which shows that this may be an effective
method of extraction for that type of plant material. The results showed that
sonication was not an effective method of extraction for the dried hawthorn berries.
The commercial extract also gave the best results for the berry extracts, which were
quite a bit higher than the results obtained from the traditionally extracted extracts.
This can most likely be put down to the higher herb to solvent ratio of the commercial
extracts and the fact that specialised, commercial equipment could more effectively
retrieve solvent from the macerated berries. The antioxidant properties of the
supercritical iluid extracts was not favourably comparable to the extracts that
exhibited the highest levels of antioxidant activity. In the muscle model systems
however, the supercritical extracts performed slightly better which may indicate that
these extracts may behave similarly in vivo. It was determined from the positive,
significant correlation that exists between the total phenolic content and the
antioxidant capacity of the extracts that the phenolic compounds in the extracts had a
huge influence on the antioxidant activities of the extracts. This shows that the total
phenolic content may be a good indicator as to the antioxidant capacity of certain
extracts. The positive, significant correlation between the TEARS values and the
percentage oxymyoglobin (r^ = 0.8907) contained in the homogenates after 24h
storage at 4°C, supports the theory that lipid and oxymyoglobin oxidation are
interrelated. The results of this study suggest that the intake of hawthorn extract may
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be beneficial in fighting against diseases caused by oxidative stress and that hawthorn
extract may be a potential natural antioxidant for use in the bovine muscle foods.
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Chapter 4
Assessment of antimicrobial activity of Hawthorn
{Crataegus monogyna) extracts
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ABSTRACT

Hawthorn is a very popular herb that is mainly used to treat heart problems. It is also
well known for its antioxidative properties for which polyphenols are primarily
responsible. However, there is limited scientific literature relating to the antimicrobial
properties of this herb. Therefore, the objectives of this study were to investigate the
antimicrobial properties of three hawthorn {Crataegus monogyiia) extracts, each
extracted using a different method, and compare their antimicrobial activities. The
disc diffusion assay was used to determine the activity of all extracts generated. No
microbial inhibition was recorded for any of the extracts examined.

1. INTRODUCTION

Due to the development of antibiotic resistant strains of bacteria there has been a huge
interest in sourcing natural antimicrobial agents (Duffy and Power, 2001) to treat
diseases in both humans and animals (Borchardt et al., 2008). Even though the
introduction of antibiotics to medicine was able to dramatically improve the treatment
of bacterial infections (Duffy and Power, 2001), the over-use of antibiotics lead to
many microorganisms developing resistance to antimicrobial agents and effective
treatment of bacterial infections became a big problem (Kilani-Jaziri et al., 2011).
Adverse effects caused by taking antibiotics can also be problematic. These may
include;

hypersensitivity,

depletion

of

natural

gut

and

mucosal

flora,

immunosuppression and allergic reactions (Kilani-.Iaziri et al., 2011). Plant extracts
and active compounds isolated horn plants may offer a new source of natural
antimicrobial agents (Essawi and Srour, 2000).
In recent years there has been a huge consumer demand for foods that are minimally
processed and free from chemical preservatives (Zink, 1997). Consumers are
concerned about the safety of foods containing synthetic preservatives such as
chemical antimicrobials like formic and propionic acid (Duffy and Power, 2001). This
has also led to increasing interest in naturally sourced, effective and nontoxic
antimicrobial agents (Shan et al., 2007) that can prevent the growth of foodborne
pathogens and delay the onset of spoilage (Gould,

1995). As plant-based

antimicrobial agents are naturally sourced, they appeal to consumers concerned about
the safety of synthetic preservatives (Shan et al., 2007).
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Many papers have been published on the antimicrobial activities of plant extracts
against different types of microorganisms. Traditionally used plant species from
South Africa exhibited antimicrobial activity against oral microorganisms (More et
a., 2008), Ficus polita and an isolated compound from this plant exhibited
antimicrobial activity against common microorganisms (Kuctc ct al., 2011), Cussonia
species was effective against some microorganisms associated with diarrhoea,
sexually transmitted diseases and general infectious diseases (De Villiers et al., 2010)
and three native British herbs exhibited antimicrobial activity against pathogens
associated with wounds (Watkins et al., 2012). These are some recent publications
which show that plant extracts have the potential to be used as antimicrobial agents.
Hawthorn is a hardy, deciduous shrub that can grow up to 6 meters in height and 6
irotres in width (Bremness, 2009) and is a member of the Rosaceae family (BrutonSeal and Seal, 2008). Traditionally in Europe the leaves, flowers and berries, or a
mixture of all these parts, have been used as astringent, antispasmodic, cardiotonic,
duretic, hypotensive and antiatherosclerotic agents (Tadic et al., 2008). Today
hewthorn is a well-knowm remedy for the heart and circulation (Bruton-Seal and Seal,
2008). Many studies have been conducted that confirm the antioxidant properties of
hewthom (Bahorun et al., 1996; Zhang et al., 2001; Yoo et al., 2008; Luo et al., 2009;
Scincc and Piljac-Zcgarac, 2011; Barrcira ct al., 2013) and clinical studies support the
me of haw'thorn for improving heart problems and exhibiting cardio-protective
activity (Veveris et al., 2004; Holubarsch et al., 2008; Eggeling et al., 2011).
\Miilc it has been shown that hawthorn contains bioactivc compounds, limited
research has been conducted in terms of assessing these bioactives in terms of their
artimicrobial properties. The objective of this study was to assess the antimicrobial

activities of three differently prepared extracts of hawthorn berries and hawthorn
leaf/flowers and ascertain which extracts exhibited the best antibacterial activity.

2. MATERIALS AND METHODS
2.1 Hawthorn leaves, flowers and berr>' extracts
Hawthorn leaves (fol), flowers (flos) and berries (fructus) were collected from
farmland hawthorn trees in Lissarda, Co.Cork. The leaves & flowers were collected
on 12''' May 2011. The temperature and humidity on the day of collection was 12°C
and 80.5%, respectively. The berries were collected from the same trees and location
on 8'*' October 2011. The temperature and humidity on the day of collection was 15°C
and 94%, respectively. Afrer collection all samples were dried in humidity chambers
at 30°C and 30% humidity. Samples were dried until a constant mass of sub-sample
was achieved (as much H2(3 as possible was removed).
Commerical Hawthorn leaf & flower {CrcUaegns laevigata fol & flos) and berry
{Crataegus laevigata fructus) extracts were obtained from Herbs in a Bottle Ltd.
(Meadow Park Estate, Hssendine, Near Stamford, Lincolnshire, UK). Crataegus
monogyna and Crataegus laevigata arc used interchangeably in herbal medicine.
Crataegus laevigata was the only commercially available botanical material for this
study, therefore it is assumed that bio-activity from species to species is similar. The
commercial extracts were made up in 45% ethanol, with a herb to solvent ratio of 1; 3.

2,2 Antimicrobial Materials
Mueller Hinton agar and broth (Fluka) and Whatman antibiotic assay discs, 6mm
were purchased from Sigma-Aldrich Ireland Ltd. (Vale Road, Arklow, Wicklow,
Ireland). Streptomycin lOpg antimicrobial susceptibility discs and Gentamicin 10 pg
antimicrobial susceptibility discs (both Oxoid) were purchased from Fisher Scientific
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Ireland (Bailycoolin, Dublin 15). Ail bacterial strains used were derived from the
American-Type Culture Collection: Gram positive. Bacillus subtilis ATCC 6633 and
Staphlococcus aureus ATCC 29213; Gram negative, Escherichia coli ATCC 25922
and Pseudomonas aeruginosa ATCC 27853.

2.3 Preparation of Hawthorn Extracts
Three different types of extracts were prepared with the dried hawthorn samples;
sonicated extracts, traditional extracts and supercritical tliiid extracts. The same
procedure was followed for leaf, Hower and berries.
Sonicated and traditional extracts were prepared by placing 5 g of sample into a glass,
amber bottle and adding cither 50 ml of 45% ethanol (1 : 10 extract) or 25 ml of 45%
ethanol (1:5 extract). Leaf & flower material was roughly chopped for extraction and
the berries were left whole. To prepare the sonicated extract, material and solvent
were sonicated in an ultrasonic bath for 30 minutes before being vacuum filtered
through Whatman No.l filter paper. To prepare the traditional extract, material was
left to macerate in the solvent for 4 weeks, out of direct sunlight. The bottles were
agitated on a daily basis. After the 4 week maceration period, the material was
vacuum filtered through Whatman No.l filter paper. The volume of extract obtained
from both procedures was measured using a graduated cylinder, transferred into a
round bottomed flask and the solvent was removed by rotary evaporation (Buchi
Rotavapor R-215 Advanced) at 4()°C. The extract was then freeze-dried to remove
water and reconstituted in methanol. The reconstitution volume was the same as that
from the original ethanolic extraction. Methanol was used for reconstitution as it was
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more readily available and also as it is a more suitable solvent than ethanol for use
with antimicrobial assays. Extracts were stored at 4°C, in amber, glass bottles.
The solvent and water content was removed from the commercial extracts in the same
manner as the sonicated and traditional extracts. They were also reconstituted in the
same way and stored at 4°C in glass, amber bottles.
Supercritical fluid extraction (SFE) was performed using a Spe-cd SEE system
(Applied Separations, Allentown, PA, USA). The system was fitted with a 24 ml
stainless-steel extraction vessel. Botanical material (both leaf & flower and berries)
were ground to a powder using a DeLonghi KG49 coffee grinder. The resulting
powder was separated using graduated sieves to obtain particle sizes ranging from
125-25()pm. This material (5g) was mixed with 7g anhydrous sodium sulphate and 7g
fine white sand (to fill void space in the vessel). The vessel was filled with this
mixture for extraction. C'otton wool was placed al both ends of the vessel along with a
nitrile o-ring to prevent solid material from escaping from the vessel and to stop
leakages. The outlet valve temperature was set at 12()°C for all extractions. The
extracts were collected in 4 ml amber vials fitted with silicone septa. After each
extraction the outlet line of the SFE instrument was flushed with approximately 1 ml
of methanol to clean any extract from the line, which was collected into the same \ ial
as the extract. Each extraction vial was then dried down under a stream of nitrogen to
remove all solvent. Each extract was reconstituted in 3ml methanol, sonicated in a
water bath at 40°C for approximately 40 minutes and filtered through a 0.2pm filter
prior to analysis. Extracts were stored at -20°C prior to analysis.
The optimal conditions for SFE of antioxidant compounds from both hawthorn leaf &
flower and hawthorn berries had previously been detennined in Chapter 2. Optimal
SFE conditions for extraction of hawthorn leaf & flower consisted of; pressure of 400
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bar, temperature of 50°C and the absence of a modifier. Optimal conditions for the
extraction of hawthorn berries consisted of; pressure of 310 bar, temperature of 60°C
and the absence of a modifier. Using the Statgraphics software, the optimal
percentage ethanol for use as modifier was 0.04. By conducting a trial using 0.04%
ethanol and then using no modifier, it was determined that using no modifier gave
better results, therefore no modifier was used for extractions. There was a static
extraction time of 20 minutes and a dynamic extraction time of 15 minutes, with a
CO2 How rate of 5 L/min, for each extraction. Therefore, there were a total of 12
different extracts to be analysed (Table 1).

Table 1. Hawthorn extracts prepared for analysis

Hawthorn leaf/flower (fol & flos)

Hawthorn berry (fructus

Commercial (CFF)

Commercial (CFr)

Sonicated, 1:10 (SFFIO)

Sonicated, 1:10 (SFrlO)

Sonicated, 1:5 (SFF5)

Sonicated, 1:5 (SFr5)

Traditional, 1:10 (TFFIO)

Traditional, 1:10 (TFrlO)

Traditional, 1:5 (TFF5)

Traditional, 1:5 (TFr5)

Supercritical (SFEFF)

Supercritical (SFEFr)
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Figure 1. Flow diagram of Hawthorn extraction methods
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2.4 Disc Diffusion Assay
The disc diffusion assay was performed according to the Clinical and Laboratory
Standards Institute, M02-A10 (CLSl, 2009). Bacterial cultures were grown on
Mueller Hinton agar plates from frozen stock. Three to five well isolated colonies
were selected from plate growth and transferred to a tube containing 5ml of sterile
Mueller Hinton broth. The broth was incubated at 37X' until a turbidity equivalent to
a 0.5 MacFarland standard was reached or exceeded (usually between 2-5 hours). If
the turbidity needed to be adjusted sterile broth was used. Within 15 minutes of
achieving the correct turbidity, a sterile swab was used to inoculate the surface of a
Mueller Hinton agar plate. The entire surface of the plate was swabbed three times,
turning the plate 60° each time to ensure even coverage. The rim of the plate was
swabbed to finish. Sterile Whatman, 6mm antibiotic assay discs were impregnated
with 20pl of plant extract and placed on to the inoculated agar surface with sterile
tweezers. Streptomycin lOpg antimicrobial susceptibility discs or gentamicin lOpg
antimicrobial susceptibility discs were used as positive controls. Methanol was used
as the negative control. The plates were incubated, inverted for 18 hours at 37°C.
After incubation, the plates were examined for any zones of inhibition around the
discs. The diameter of the clear zones, including the diameter of the disc, was
measured with a ruler to the closest millimetre. When no zones of inhibition were
obser\’ed, the zone was reported as measuring 6mm in diameter and as showing no
inhibition
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3. RESULTS AND DISCUSSION

The disc diffusion assay was used to determine the antimicrobial activity of each of
the hawthorn extracts being tested. None of the 12 different extracts exhibited any
antimicrobial activity using this method (Table 2).
Table 2. Antimicrobial activity of hawthorn extracts using the disc diffusion assay.
Zones of inhibition were measured in mm *
Extract

Microorganism
6. subtilis

S. aureus

E. coli

P. aeruginosa

CFF

6

6

6

6

SFFIO

6

6

6

6

SFF5

6

6

6

6

TFFIO

6

6

6

6

TFF5

6

6

6

6

SFEFF

6

6

6

6

CFr

6

6

6

6

SFrlO

6

6

6

6

SFr5

6

6

6

6

TFrlO

6

6

6

6

TFr5

6

6

6

6

SFEFr

6

6

6

6

6

6

6

6

Streptomycin

Nt

16

14

Nt

Gentamicin
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Nt

Nt

17

Negative Control
Methanol
Positive Control

Values are the mean (n=3)

Nt = not tested

The objective in conducting this study was to determine which method of extraction
was the most suitable to obtain a hawthorn extract that exhibited promising
antimicrobial activity. No zones of clearance were observed after 18 hours of
incubation with the selected microorganisms, which proved that none of the extracts
were bacteriocidal.
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With increasing interest in plant extracts and compounds as antimicrobial agents in
medicine (Cowan, 1999) and a rising demand for natural preservatives in the food
industry (Gould, 1995), exaetly how plant sourced antimicrobials work is of huge
interest to many researchers. Many compounds including polyphenols, terpenoids,
alkaloids, lectins and polypeptides arc thought to be responsible for the antimicrobial
activities that many plants exhibit. These active compounds can work by inactivating
essential enzymes, binding to proteins and bacterial adhesions, forming complexes
with the cell wall, substrate deprivation or disrupting the bacterial membrane. The
toxicity of phenolics to microorganisms is thought to be determined by the sites and
number of hydroxyl groups on the phenol group, with increased hyrdoxylation
causing the compound to be more toxic to bacteria (Cowan, 1999). Shan ct al (Shan
et al., 2007) reported that there was positive correlation between antibacterial
activities and the phenolic content of dietary spice and medicinal herb extracts when
they were tested against common foodborne pathogens. However, it was found that
the relationship between antibacterial activity and phenolic content was not significant
when some selected spice and herb extracts were tested against a panel of foodborne
pathogens (Weerakkody et al., 2010). This proves that polyphenols are not always
responsible for the antibacterial activity of plant extracts. Tannins, known for their
astringency are members of the polyphenolic group. They have the ability to form
soluble complexes with proteins. They can also bind to bacterial adhesions and
therefore limit the receptor sites available on the eell surface (Kilani-Jaziri et al.,
2011). Tannins are also known to form irreversible complexes with proteins rich in
proline, which can cause cell wall protein synthesis to be inhibited (Hagerman and
Butler, 1981).
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Generally, it is found that Gram-negative baeteria are more resistant to antimierobial
agents than Gram-positive bacteria. This can be attributed to the differences in the
outer layers of Gram-negative and Gram-positive bacteria (Shan et al., 2007). Gram
negative bacteria have an outer membrane layer in their cell wall structure and also a
pcriplasmic space that Gram-positive bacteria do not possess. The hydrophilic nature
of the surface of the outer membrane, which is rich in lipopolysaccharidcs, can
prevent many antimicrobial substances from entering Gram-negative bacteria.
Additionally, if a small amount of an antimicrobial agent were to diffuse into the
bacteria, enzymes present in the pcriplasmic space can inactivate it (Nikaido, 2003),
giving Gram-negative bacteria a high resistance against many antimicrobial agents.
Many studies have observed that plant extracts arc more effective as antimicrobial
agents against Gram-positive bacteria (Zaika, 1988; Smith et al., 1998; Ceylan and
Fung, 2004; Shan et al., 2007).
Other researchers have examined the antimicrobial activity of extracts horn hawthorn
{Crataegus monog\'ua) and ha\e found that it exhibited activity against some bacterial
strains. Ayachi et al (Ayachi et al., 2009) found that hawthorn berry extract could
inhibit the growth o\'E.coli but was not active against Salmonella typhinniriiim. Orhan
et al (Orhan et al., 2007) found that hawthorn leaf and berry extracts also had
moderate activity against E. call and Proteus mirabilis and exhibited high activity
against Acinetohacter haumannii, Klebsiella pneumonia and Candida albicans. The
extract did not exhibit significant acti\ity against P. aeruginosa, S. aureus or B.
subtilis. Proestus et al (Proestos et al., 2008) reported that hawthorn extract
(unspecified parts) exhibited a slight antimicrobial activity against E. coli. Listeria
monoeytogenes. Bacillus cereus and Pseudomonas putida, but was not active against
Salmonella enteritidis or S. aureus. Turker et al (Turker et al., 2012) found that dried.
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but not fresh, hot aqueous and ethanol hawthorn berry extracts were active against S.
aureus, Staphylococcus cpidermidis and Streptococcus pyogenes and no hawthorn
extract analysed was active against E. coli, P. aeruginosa, S. typhimurium, Serratia
marccsccns, Proteus vulgaris, Enterobacter cloacae and Klebsiella pneumoniae.
Galgoczy et al (Galgoczy ct al., 2009) reported that the juice of hawthorn was not
active against cither Campylobacter jejuni or S. Typhimurium, however the aqueous
and methanolic extracts were active against C. jejuni to a higher degree than S.
typhimurium.
There arc many reasons as to why the results from different studies using the same
botanical materials may vary so widely, and why no activity was observed in the
current study, even though other researchers obtained positive results using the same
materials and microorganisms. Firstly, the disc-diffusion assay itsell'can have some
drawbacks as an antimicrobial method. It is possible that the activity of the extracts
could be inhibited by contaminants or factors outside of the experiment. The type of
agar used, salt concentration, incubation temperature and the molecular size of the
extracts could inHuence the outcome of the assay also (Eloff, 1998). The growing
conditions and weather conditions encountered when hawthorn samples were being
collected could have caused variations in the chemical compounds present in the plant
materials harvested. The composition of the soil the plant grows in, seasonal changes
during sampling of the plant and physiological growth cycle of the plant can all affect
the chemical composition of the plant (Benli et al., 2008). The type of solvent used for
extraction can also have an inlluence over the antimicrobial properties of a plant
extract. A solvent like hexane, which is non-polar will extract very different
compounds than a polar solvent like water or ethanol (Weerakkody et al., 2010). The
difficultly in comparing many botanical-derived antimicrobial agents can often be the
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fact that different extraction protocols and also different methods are used to assess
the activity exhibited by the botanical extracts (Dulger and Aki, 2009). The absence
of a zone of inhibition may not necessarily mean that the extracts are inactive, but
may be because natural antimicrobial agents are generally only slightly soluble or
insoluble in water and therefore, cannot diffuse through the agar medium sufficiently
(Klancnik et al., 2010).
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4. CONCLUSIONS

No zones of inhibition were observed when the hawthorn extracts were tested against
the selected microorganisms. Many factors including limitations of the disc diffusion
assay, extrinsic factors, the growing conditions of the plant and conditions at the time
of harvest may all have contributed to the absence of antimicrobial effects observed.

31

BIBLIOGRAPHY

(U.S.) loM. 1997. Pharmacokinetics and Drug Interactions in the Elderly and Special
Issues in Elderly African-American Populations. Washington , D.C.: National
Academy Press.
Abdalla AE, Roozen JP. 1999. Effect of plant extracts on the oxidative stability of
sunflower oil and emulsion. Food Chemistry 64:323-329.
Adil

IH, Q'etin HI, Yener ME, Bayindirll A. 2007. Subcritical (carbon
dioxide + ethanol) extraction of polyphenols from apple and peach pomaces,
and determination of the antioxidant activities of the extracts. The Joumal of
Supercritical Fluids 43:55-63.

Araujo .IMA, Saudi D. 2007. Extraction of coffee diterpenes and coffee oil using
supercritical carbon dioxide. Food Chemistry 101:1087-1094.
Araujo .IMA, Silva MV, Chaves .IBP. 2007. Supercritical fluid extraction of daidzein
and gcnistcin isotlavones from soybean hypocotyl after hydrolysis with
endogenous [betaj-glucosidases. Food Chemistry 105:266-272.
Athukorala Y, Mazza G. 2010. Supercritical carbon dioxide and hexane extraction of
wax from triticale straw: Content, composition and thermal properties.
Industrial Crops and Products 31:550-556.
Ayachi A, Alloui N, Bennoune O, Yakhlef G, Daas Amiour S, Bouzid W, Djemai
Zoughlache S, Boudjellal K, Abdessemed H. 2009. Antibacterial activity of
some fruits; berries and medicinal herb exstracts against poultry strains of
salmonella. American-Eurasian .lournal of Agricultural & Environmental
Science 6:12 - 15.
Babovic N, Djilas S, Jadranin M, Vajs V, Ivanovic J, Petrovic S, Zizovic I. 2010.
Supercritical carbon dioxide extraction of antioxidant fractions from selected
Lamiaceae herbs and their antioxidant capacity. Innovative Food Science
&amp; Emerging Technologies 11:98-107.
Bahorun T, Gressier B, Trotin F, Brunet C, Dine T, Luyckx M, Vasseur J, Cazin M,
Cazin .IC, Pinkas M. 1996. Oxygen species scavenging activity of phenolic
extracts horn hawthorn fiesh plant organs and pharmaceutical preparations.
Arzneimittelforschung 46:1086-1089.
Balentine CW, Crandall PG, O’Bryan CA, Duong DQ, Pohlman FW. 2006. The preand post-grinding application of rosemary and its effects on lipid oxidation
and color during storage of ground beef Meat Science 73:41 3-421.
32

Barrcira jCM, Rodrigues S, Carvalho AM, Ferreira ICFR. 2013. Development of
hydrosoluble gels with Crataegus monogyna extraets for topieal applieation:
Evaluation of antioxidant aetivity of the final formulations. Industrial Crops
and Products 42:175-180.
Beckman EJ. 2004. Supercritical and near-critical CO2 in green chemical synthesis
and processing. Journal of Supercritical Fluids, The 28:121-191.
Benli M, Yigit N, Geven F, Giincy K, Bingol U. 2008. Antimicrobial activity of
endemic Crataegus tanacetifolia (Lam.) Pers and observation of the inhibition
effect on bacterial cells. Cell Biochemistry and Function 26:844-851.
Benova B, Adam M, Pavlikova P, Fischer J. 2010. Supercritical fluid extraction of
piceid, resveratrol and emodin from Japanese knotweed. The Journal of
Supercritical Fluids 51:325-330.
Benzie IFF, Strain JJ. 1996. The ferric reducing ability of plasma (FRAP) as a
measure of "antioxidant power" : The FRAP Assay. Analytical Biochemistry
239:70-76.
Benzie IFF, Strain JJ. 1999. Ferric rcducing/antioxidant power assay: Direct measure
of total antioxidant activity of biological IJuids and modified version for
simultaneous measurement of total antioxidant power and ascorbic acid
concentration. Methods in Enzymology Volume 299:15-27.
Bcrnatonicnc J, Kueinskaitc A, Masteikova R, Kalvcnicnc Z, Kasparavicicnc G,
Savickas A. 2009. The comparison of anti-oxidative kinetics in vitro of the
fluid extract from maidenhair tree, motherwort and hawthorn. Acta poloniae
pharmaceutica 66:415-421.
Bcrnatonicnc J, Masteikova R, Majicne D, Savickas A, Kcvclaitis E, Bcrnatonicnc R,
Dvorackova K, Civinskiene G, Lekas R, Vitkevicius K, Peciura R. 2008. Free
radical-scavenging activities of Crataegus monogyna extracts. Medicina
44:706-712.
Blumcnthal M, Bussc WR, Goldberg A, Grucnwald J, Hall T, Riggins C, Ristcr R.
1998. The Complete German Commission E Monographs: Theraputic Guide
To Herbal Medicines. United States of America: Integrative Medicine
Communications.
Borchardt JR, Wysc DL, Shcaffer CC, Kauppi KL, R.G. F, Ehlkc NJ, Bicsboer DD,
Bey RF. 2008. Antimicrobial activity of native and naturalized plants of
Minnesota and Wisconsin. Journal of Medicinal Plants Research 2:98 - 110.
Box GEPB, D.W. 1960. Some New Three Level Designs for the Study of
Quantitative Variables. Tcchnomctrics 2:455 - 475.
Braga MEM, Santos RMS, Seabra IJ, Facanali R, Marques MOM, de Sousa HC.
2008. Fractioned SFE of antioxidants from maritime pine bark. The Journal of
Supercritical Fluids 47:37-48.
33

Bremness L. 2009. The Essential Herbs Handbook. In. London: Duncan Baird
Publishers.
Bruton-Seal J, Seal M. 2008. Hedgerow Medicine. United Kingdom: Merlin Unwin
Books.
Burford MD, Hawthorne SB, Miller DJ. 1993. Evaluation of drying agents for off-line
supercritical fluid extraction. Journal of Chromatography A 657:413-427.
Cardozo EL, Cardozo-Filho L, Ferrarese Filho O, Zanoelo EF. 2007. Selective Liquid
C02 Extraction of Purine Alkaloids in Different Ilex paraguariensis Progenies
Grown under Environmental Influences. Journal of Agricultural and Food
Chemistry 55:6835-6841.
Carvalho Jr RN, Moura LS, Rosa PTV, Mcirclcs MAA. 2005. Supercritical fluid
extraction from rosemary (Rosmarinus officinalis): Kinetic data, extract's
global yield, composition, and antioxidant activity. The Journal of
Supercritical Fluids 35:197-204.
Casscl E, Vargas RMF, Brim GW, Almeida DE, Cogoi L, Ferraro G, Filip R. 2010.
Supercritical fluid extraction of alkaloids from Ilex paraguariensis St. Hil.
Journal of Food Engineering 100:656-661.
Catchpole OJ, Perry NB, da Sih a BMT, Grey JB, Smallfield BM. 2002. Supercritical
extraction of herbs 1: Saw Palmetto, St John's Wort, Kava Root, and
Echinacea. The Journal of Supercritical Fluids 22:129-138.
Cavalcanti RN, Veggi PC, Mcirclcs MAA. 2011. Supercritical fluid extraction with a
modifier of antioxidant compounds from jabuticaba (Myrciaria cauliflora)
byproducts: economic viability. Procedia Food Science 1:1672-1678.
Cavero S, Garcia-Risco MR, Marin FR, Jaime L, Santoyo S, Schorans FJ, Reglero G,
Ibanez E. 2006. Supercritical fluid extraction of antioxidant compounds from
oregano: Chemical and functional characterization via LC-MS and in vitro
assays. The Journal of Supercritical Fluids 38:62-69.
Ceylan E, Fung DYC. 2004. ANTIMICROBIAL ACTIVITY OF SPICES I. Journal
of Rapid Methods & Automation in Microbiology 12:1-55.
Chan FL, Choi HL, Chen ZY, Chan PSF, Huang Y. 2000. Induction of apoptosis in
prostate cancer cell lines by a flavonoid, baicalin. Cancer Letters 160:219-228.
Chang Y, Liu B, Shen B. 2007. Orthogonal array design for the optimization of
supercritical fluid extraction of baicalin from roots of Scutellaria baicalensis
Georgi. Journal of Separation Science 30:1568-1574.
Cheah ELC, Heng PWS, Chan LW. 2010. Optimization of supercritical fluid
extraction and pressurized liquid extraction of active principles from Magnolia

34

officinalis using the Taguchi design. Separation and Purification Technology
71:293-301.
Chen L, Remondetto GE, Siibirade M. 2006. Food protein-based materials as
nutraceutical delivery systems. Trends in Food Science & Technology 17:272283.
CLSF 2009. Performance Standards for AntimicrobialDisc Susceptibility Tests;
Approved Standard - Tenth Edition. 29.
Cossuta D, Simandi B, Vagi E, Hohmann J, Prechl A, Lemberkovics E, Kcry A, Keve
T. 2008. Supercritical Ouid extraction of Vitex agnus castus fruit. The Journal
of Supercritical Fluids 47:188-194.
Cowan MM. 1999. Plant products as antimicrobial agents. Clinical Microbiology
Reviews 14:564 - 582.
Cutler RG, Rodrigues H. 2003. Critical Re\iews of Oxidative Stress and Aging
Volume 11. In. New Jersey: World Scientific.
dc Azevedo ABA, Kicckbush TCj, Tashima AK. Mohamed RS, Mazzafera P, Mclo
SABVd. 2008. Extraction of green coffee oil using supercritical carbon
dioxide. The Journal of Supercritical Fluids 44:186-192.
De Corato U, Maccioni (), Trupo M, Di Sanzo G. 2010. Use of essential oil of Laurus
nobilis obtained by means of a supercritical carbon dioxide technique against
post harvest spoilage fungi. (Top Protection 29:142-147.
de Oliveira PE, Machado RAF, Bolzan A, Barth D. 2012. Supercritical fluid
extraction of hernandulcin from Lippia dulcis Trev. The Journal of
Supercritical Fluids 63:161-168.
De Villiers BJ, Van Vuuren SF, Van Zyl RL, Van Wyk BE. 2010. Antimicrobial and
antimalarial activity of Cussonia species (Araliaceae). Journal of
Ethnopharmacology 129:189-196.
Degenring FH, Suter A, Weber M, Sailer R. 2003. A randomised double blind
placebo controlled clinical trial of a standardised extract of fresh Crataegus
berries (Crataegisan®) in the treatment of patients with congestive heart
failure NYHA II. Phytomedicine 10:363-369.
del Valle JM, Godoy C, Asencio M, Aguilera JM. 2004. Recovery of antioxidants
from boldo (Peumus boldus M.) by conventional and supercritical C02
extraction. Food Research International 37:695-702.
Dclorcnzi JC, Attias M, Gattass CR, Andrade M, Rezendc C, Pinto AC, Henriques
AT, Bou-Habib DC, Saraiva EM. 2001. Antileishmanial Activity of an Indole
Alkaloid from Peschiera australis. Antimicrob Agents and Chemotherapy
45:1349.

35

Dias AMA, Santos P, Scabra IJ, Junior RNC, Braga MEM, dc Sousa HC. 2012.
Spilanthol from Spilanthes acmella flowers, leaves and stems obtained by
selective supercritical carbon dioxide extraction. The Journal of Supercritical
Fluids 61:62-70.
Diaz-Reinoso B, Moure A, Dominguez H, Parajo JC. 2006. Supercritical C02
Extraction and Purification of Compounds with Antioxidant Activity. Journal
of Agricultural and Food Chemistry 54:2441-2469.
Du M, Ahn DU, Nam KC, Sell JL. 2000. Influence of dietary comjugated linoleic
acid on volatile profiles, color and lipid oxidation of irradiated raw chicken
meat. Meat Science 56:387 - 395.
Duffy CF, Power RF. 2001. Antioxidant and antimicrobial properties of some Chinese
plant extracts. International Journal of Antimicrobial Agents 17:527-529.
Dulger G, Aki C. 2009. Antimicrobial Activity of the Leaves of Endemic Stachys
pseudopinardii in Turkey. Tropical Journal of Pharmaceutical Research 8:371
- 375.
Eggcling T, Rcgitz-Zagrosck V, Zimmcrmann A, Burkart M. 2011. Baseline severity
but not gender modulates quantified Crataegus extract effects in early heart
failure—a pooled analysis of clinical trials. Phytomedicine 18:1214-1219.
Egydio JA, Moracs AM, Rosa PTV. 2010. Supercritical IJuid extraction of lycopene
from tomato juice and characterization of its antioxidation activity. The
Journal of Supercritical Fluids 54:159-164.
Eloff JN. 1998. A sensitive and quick microplatc method to determine the minimal
inhibitory concentration of plant extracts for bacteria. Planta Medica 64:711 713.
ESCOP. 2003. ESCOP Monographs: The Scientific Foundation for Herbal Medicinal
Products, 2nd ed. Stuttgart: Thieme.
Esquivel MM, Ribciro MA, Bernardo-Gil MG. 1999. Supercritical extraction of
savory oil: study of antioxidant activity and extract characterization. Journal of
Supercritical Fluids, The 14:129-138.
Essawi T, Srour M. 2000. Screening of some Palestinian medicinal plants for
antibacterial activity. Journal of Ethnopharmacology 70:343-349.
Faustman C, Sun Q, Mancini R, Suman SP. 2010. Myoglobin and lipid oxidation
interactions: Mechanistic bases and control. Meat Science 86:86-94.
Felfoldi-Gava A, Szarka S, Simandi B, Blazics B, Simon B, Kcry A. 2012.
Supercritical fluid extraction of Alnus glutinosa (L.) Gaertn. The Journal of
Supercritical Fluids 61:55-61.

36

FciTcira dc Franca L, Rcbcr G. Mcirclcs MAA, Machado NT, Brunner G. 1999.
Supercritical extraction of carotenoids and lipids from buriti (Mauritia
flexLiosa), a fruit from the Amazon region. Journal of Supercritical Fluids, The
14:247-256.
Formanek Z, Kerry JP, Higgins FM, Buckley DJ, Monissey PA, Farkas J. 2001.
Addition of synthetic and natural antioxidants to a-tocopheryl acetate
supplemented beef patties: effects of antioxidants and packaging on lipid
oxidation. Meat Science 58:337-341.
Froehlicher T, Hennebelle T, Martin-Nizard F, Cleenewerck P, Hilbert J-L, Trotin F,
Grec S. 2009. Phenolic profiles and antioxidative effects of hawthorn cell
suspensions, fresh fruits, and medicinal dried parts. Food Chemistry 115:897903.
Furey A, Tassell M. 2008. Towards a systematic scientific approach in the assessment
of efficacy of an herbal preparation: Hawthorn {Crataegus spp.). European
Journal of Heart Failure 10:1153-1157.
Galgoczy L, Hever T, Orosz L, Krisch J, Vagvolgyi C, Tolgyesi M, Papp T. 2009.
Growth Inhibition Effect of Fruit Juices and Pomace Extracts on the Enteric
Pathogens Campylobacter jejuni and Salmonella ser. Typhimurium. The
Internet Journal of Microbiology 7.
Gao X, Ohlander M, Jcppsson N. BJork L, Trajkovski V. 2000. Changes in
Antioxidant Effects and Their Relationship to Phytonutrients in Fruits of Sea
Buckthorn (Hippophac rhamnoides L.) during Maturation. Journal of
Agricultural and Food Chemistry 48:1485-1490.
Glisic S, Smelcerovic A, Zuehlke S, Spiteller M, Skala D. 2008. Extraction of
hyperforin and adhyperforin from St. John's Wort (Hypericum perforatum L.)
by supercritical carbon dioxide. The Journal of Supercritical Fluids 45:332337.
Gould GW. 1995. New Methods of Food Preservation. New York: Aspen Publication.
Grosso C, Ferraro V, Figueiredo AC, Barroso JG, Coelho JA, Palavra AM. 2008.
Supercritical carbon dioxide extraction of volatile oil from Italian coriander
seeds. Food Chemistry 111:197-203.
Gyamfi MA, Yonaminc M, Aniya Y. 1999. Free-radical scavenging action of
medicinal herbs from Ghana: Thonningia sanguinea on experimentallyinduced liver injuries. General Pharmacology: The Vascular System 32:661667.
Hagerman AE, Butler LG. 1981. The specificity of proanthocyanidin-protcin
interactions. Journal of Biological Chemistry 256:4494-4497.

37

Hamburger M, Baumann D. Adler S. 2004. Supercritical carbon dioxide extraction of
selected medicinal plants—effects of high pressure and added ethanol on yield
of extracted substances. Phytochemical Analysis 15:46-54.
Hannay JB, Hogarth J. 1879. On the Solubility of Solids in Gases. Proceedings of the
Royal Society of London 29:324 - 327.
Hattab ME, Culioli G, Piovetti L, Chitour SE, Vails R. 2007. Comparison of various
extraction methods for identification and determination of volatile metabolites
from the brown alga Dictyopteris membranacea. Journal of Chromatography
A 1143:1-7.
Hayes JE, Stepanyan V, Allen P, O’Grady MN, O’Brien NM, Kerry JP. 2009. The
effect of lutein, sesamol, ellagic acid and olive leaf extract on lipid oxidation
and oxymyoglobin oxidation in bovine and porcine muscle model systems.
Meat Science 83:201-208.
Heinrich M, Barnes .1, Ciibbons S, Williamson EW. 2004. Fundamentals of
Pharmacognosy and Phytotherapy: Churchill Eivingston.
Herrero M, Cnfucntcs A, Ibanez E. 2006. Sub- and supercritical IJuid extraction of
functional ingredients from different natural sources: Plants, food-by-products,
algae and microalgae: A review. Food Chemistry 98:136-148.
Herrero M, Mendiola JA, ('ifncnles A, Ibanez E. 2010. Supercritical tluid extraction:
Recent advances and applicatic)ns. Journal of Chromatography A 1217:24952511.
Hoffman D. 1990. Holistic Herbal. L.ondon: Thorsons.
Holubarsch CJ, Colucci WS, Meinertz T, Gaus W, Tendera M. 2008. The efficacy
and safety of Crataegus extract WS 1442 in patients with heart failure: the
SPICE trial. Eur J Heart Fail 10:1255-1263.
Hur SJ, Ye BW, Lee JL, Ha YL, Park GB, Joo ST. 2004. Effects of conjugated
linoleic acid on color and lipid oxidation of beef patties during cold storage.
Meat Science 66:771-775.
Ibanez E, Oca A, dc Murga G, Lopez-Sebastian S, Tabcra J, Rcglcro G. 1999.
Supercritical Fluid Extraction and Fractionation of Different Preprocessed
Rosemary Plants. Journal of Agricultural and Food Chemistry 47:1400-1404.
I^en H, Giirii M. 2009. Extraction of caffeine from tea stalk and fiber wastes using
supercritical carbon dioxide. The Journal of Supercritical Fluids 50:225-228.
Jaitak V, Sharma K, Kalia K, Kumar N, H.P.Singh, Kaul VK, Singh B. 2010.
Antioxidant activity of Potentilla fulgens: An alpine plant of western
Himalaya. Journal of Food Composition and Analysis 23:142-147.

38

Jcssop PG, Lcitncr W. 1999. Chemical Synthesis Using Supercritical Fluids.
Weinheim, Germany: Wiley VCH.
Jublot L, Linforth RST, Taylor AJ. 2004. Direct coupling of supercritical fluid
extraction to a gas phase atmospheric pressure chemical ionisation source ion
trap mass spectrometer for fast extraction and analysis of food components.
Journal of Chromatography A 1056:27-33.
Kahkonen MP, Hopia Al, Vuorcla HJ, Rauha J-P, Pihlaja K, Kujala TS, Heinonen M.
1999. Antioxidant Activity of Plant Extracts Containing Phenolic Compounds.
Journal of Agricultural and Food Chemistry 47:3954-3962.
Katalinic V, Milos M, Kulisic T. Jukic M. 2006. Screening of 70 medicinal plant
extracts for antioxidant capacity and total phenols. Food Chemistry 94:550557.
Kilani-Jaziri S, Bhouri W, Skandrani I, Limern 1, Chekir-Ghedira L, Ghedira K. 2011.
Ph>'lochemical, antimicrobial, antioxidant and antigenotoxic potentials of
Cyperus rotundus extracts. South Afi ican Journal of Botany 77:767-776.
Kim MR, El-Aty AMA, Choi J-II, Lee KB, Shim JH. 2006. Identification of volatile
components in Angelica species using supercritical-C02 fluid extraction and
solid phase microextraction coupled to gas chromatography-mass
spectrometry. Biomedical Chromatography 20:1267-1273.
King JW. 2000. Advances in critical fluid technology for food processing. Food
Science and Technology Today 14:186-191.
Klancnik A, Piskernik S, Jersek B, Mozina SS. 2010. Evaluation of diffusion and
dilution methods to determine the antibacterial activity of plant extracts.
Journal of Microbiological Methods 81:121-126.
Klaunig JE, Wang Z, Pu X, Zhou S. 2011. Oxidative stress and oxidative damage in
chemical carcinogenesis. Toxicology and Applied Pharmacology 254:86-99.
Krakaucr T, Li BQ, Young UA. 2001. The flavonoid baicalin inhibits superantigeninduced inflammatory cytokines and chemokines. FEBS Letters 500:52-55.
Krzywicki K. 1982. The determination of haem pigments in meat. Meat Science 7:2936.
Kuete V, Kamga J, Sandjo LP, Ngameni B, Poumale HMP, Ambassa P, Ngadjui BT.
2011. Antimicrobial activities of the methanol extract, fractions and
compounds from Ficus polita Vahl. (Moraceae). BMC Complementary and
Alternative Medicine 11.
Lage-Yusty M, Alvarez-Perez S, Punin-Crespo M. 2009. Supercritical Fluid
Extraction of Polycyclic Aromatic Hydrocarbons from Seaweed Samples
Before and After the Prestige Oil Spill. Bulletin of Environmental
Contamination and Toxicology 82:158-161.
39

Lahlali R, Massart S, Scrrhini MN, Jijakli MH. 2008. A Box-Bchnkcn design for
predicting the combined effects of relative humidity and temperature on
antagonistic yeast population density at the surface of apples. International
Journal of Food Microbiology 122:100-108.
Lang Q, Wai CM. 2001. Supercritical fluid extraction in herbal and natural product
studies — a practical review. Talanta 53:771-782.
Li J, Zhang M, Zheng T. 2009. The in vitro antioxidant activity of lotus germ oil from
supercritical fluid carbon dioxide extraction. Food Chemistry 115:939-944.
Li S, Varadarajan GS, Hartland S. 1991. Solubilities of theobromine and caffeine in
supercritical carbon dioxide: correlation with density-based models. Fluid
Phase Equilibria 68:263-280.
Ling JY, Zhang GY, Cui ZJ, Zhang CK. 2007. Supercritical fluid extraction of
quinolizidine alkaloids from Sophora flavescens Ait. and purification by liighspeed counter-current chromatography. Journal of Chromatography A
1145:123-127.
Liu C-m, Zhao J-m, Li M-m, Song F-r. 2007. Supercritical Fluid Extraction of Total
Flavonoids from LeaNes of Acanthopanax Senticosus Harms. Chemical
Research in Chinese Universities 23:233-236.
Liu 11, Qiu N, Ding 11, Yao R. 2008. Polyphenols contents and antioxidant capacity of
68 Chinese herbals suitable for medical or food uses. Food Research
International 41:363-370.
Liu J, Lin S, Wang Z, Wang C, Wang E, Zhang Y, Liu J. 2011. Supercritical fluid
extraction of flavonoids from Maydis stigma and its nitrite-scavenging ability.
Food and Bioproducts Processing 89:333-339.
Lockwood B. 2007. Nutraceuticals: a guide for healthcare professionals. Great
Britain: Pharmaceutical Press.
Luo Y, Chen G, Li B, Ji B, Guo Y, Tian F. 2009. Evaluation of antioxidative and
hypolipidemic properties of a novel fiinctional diet formulation of Auricularia
auricula and Hawthorn. Innovative Food Science &amp; Emerging
Technologies 10:215-221.
Macias-Sanchez MD, Fernandez-Scvilla JM, Femandez FGA, Garcia MCC, Grima
EM. 2010. Supercritical fluid exfraefion of carotenoids from Scenedesmus
almeriensis. Food Chemistry 123:928-935.
Macias-Sanchez MD, Mantell C, Rodriguez M, Martinez de la Ossa E, Lubian LM,
Montcro O. 2007. Supercritical fluid extraction of carotenoids and chlorophyll
a from Synechococcus sp. The Journal of Supercritical Fluids 39:323-329.

140

Maisuthisakul P, Sutiajit M, Pongsawatmanit R. 2007. Assessment of phenolic
content and free radical-scavenging capacity of some Thai indigenous plants.
Food Chemistry 100:1409-1418.
Martinez JL. 2008. Supercritical Fluid Extraction of Nutraceuticals and Bioactive
Compounds. Boca Raton; CRC Press.
Martino KG, Guyer D. 2004. SUPERCRITICAL FLUID EXTRACTION of
QUERCETIN FROM ONION SKINS. Journal of Food Process Engineering
27:17-28.
McHugh M, Krukonis V. 1986. Supercritical Fluid Extraction Principles and Practice.
United States of America; Butterworth Publishers.
Mendes RL, Nobre BP, Cardoso MT, Pereira AP, Palavra AF. 2003. Supercritical
carbon dioxide extraction of compounds with pharmaceutical importance fi'om
microalgae. Inorganica Chimica Acta 356:328-334.
Mendes RL, Reis AD, Palavra AF. 2006. Supercritical C02 extraction of [gamma]linolenic acid and other lipids from Arthrospira (Spirulina)maxima:
Comparison with organic solvent extraction. Food Chemistry 99:57-63.
Mendiola JA, Jaime L, Santoyo S, Reglero G, Cifuentes A, Ibanez E, Sehorans FJ.
2007. Screening of fimctional compounds in supercritical fluid extracts from
Spirulina platensis. Food Chemistry 102:1357-1367.
Mills S, Bone K. 2000. Principles and Practice of Phytotherapy. In. London: Churchill
Livingstone.
Mongkolsilp S, Pongbupakit I, Sae-Lee N, Sitthithaworn W. 2004. Radical
Scavenging Activity and Total Phenolic Content of Medicinal Plants Used in
Primary Health Care. Srinakharinwirot Journal of Pharmaceutical Sciences
9:32 - 35.
Moon J-K, Shibamoto T. 2009. Antioxidant Assays for Plant and Food Components.
Journal of Agricultural and Food Chemistry 57:1655-1666.
More G, Tshikalange TE, Tail N, Botha F, Meyer JJM. 2008. Antimicrobial activity
of medicinal
plants against
oral
microorganisms.
Journal
of
Ethnopharmacology 119:473-477.
Morrissey PA, Sheehy PJA, Galvin K, Kerry JP, Buckley DJ. 1998. Lipid stability in
meat and meat products. Meat Science 49, Supplement 1:S73-S86.
Nikaido H. 2003. Molecular Basis of Bacterial Outer Membrane Permeability
Revisited. Microbiology and Molecular Biology Reviews 67:593-656.
Noble RL. 1990. The discovery of the vinca alkaloids - chemotherapeutic agents
against cancer. Biochemistry & Cell Biology 68; 1344-1351.

41

Nucngchamnong N, Krittasilp K, Ingkaninan K. 2009. Rapid screening and
identification of antioxidants in aqueous extracts of Houttuynia cordata using
LC-ESI-MS coupled with DPPH assay. Food Chemistry 117:750-756.
O'Grady MN, Monahan FJ, Bailey J, Allen P, Buckley DJ, Keane MG. 1998. Colourstabilising effect of muscle vitamin E in minced beef stored in high oxygen
packs. Meat Science 50:73-80.
O'Grady MN, Monahan FJ, Brunton NP. 2001. Oxymyoglobin Oxidation and Lipid
Oxidation in Bovine Muscle—Mechanistic Studies. Journal of Food Science
66:386-392.
O'Grady MN, Monahan FJ, Burke RM, Allen P. 2000. The effect of oxygen level and
exogenous a-tocopherol on the oxidative stability of minced beef in modified
atmosphere packs. Meat Science 55:39-45.
Orhan 1, Ozeelik B, Kartal M, Ozdeveci B, Duman H. 2007. HPLC Quantification of
Vitexin-2-O-rhamnoside and Hyperoside in Three Crataegus Species and
Their Antimicrobial and Antiviral Activities. Chromatograpia 66:S153 - SI57.
Ozkal SG, Yener ME, Bayindirh L. 2005. Mass transfer modeling of apricot kernel
oil extraction with supercritical carbon dioxide. The Journal of Supercritical
Fluids 35:119-127.
Palma M, Taylor LT, Varela RM, Cutler SJ, Cutler HG. 1999. Fractional Extraction
of Compounds from Grape Seeds by Supercritical Fluid Extraction and
Analysis for Antimicrobial and Agrochemical Activities. Journal of
Agricultural and Food Chemistry 47:5044-5048.
Papamichail 1, Louli V, Magoulas K. 2000. Supercritical tluid extraction of celery
seed oil. Journal of Supercritical Fluids, The 18:213-226.
Parisotto EB, Michielin EMZ, Biscaro F, Ferreira SRS, Filho DW, Pedrosa RC. 2012.
The antitumor activity of extracts from Cordia verbenacea D.C. obtained by
supercritical fluid extraction. The Journal of Supercritical Fluids 61:101-107.
Passwater RA. 1997. The antioxidants: the amazing nutrients that fight dangerous free
radicals, guard against cancer and other diseases - and even slow the aging
process. Connecticut: Keats Publishing , Inc.
Pavcla R, Sajfrtova M, Sovova H, Barnet M, Karban J. 2010. The insecticidal activity
of Tanacetum parthenium (L.) Schultz Bip. extracts obtained by supercritical
fluid extraction and hydrodistillation. Industrial Crops and Products 31:449454.
Peng J, Fan G, Chai Y, Wu Y. 2006. Efficient new method for extraction and isolation
of three tlavonoids from Patrinia villosa Juss. by supercritical tluid extraction
and high-speed counter-current chromatography. Journal of Chromatography
A 1102:44-50.

142

Pcngclly A. 2004. The Constituents of Medicinal Plants. United Kingdom & United
States; CABI Publishing.
Pereira CG, Marques MOM, Barreto AS, Siani AC, Fernandes EC, Meireles MAA.
2004. Extraction of indole alkaloids tfom Tabernaemontana catharinensis
using supercritical C02+cthanol: an evaluation of the process variables and
the raw material origin. The Journal of Supercritical Fluids 30:51-61.
Pereira CG, Rosa PTV, Meireles MAA. 2007. Extraction and isolation of indole
alkaloids from Tabernaemontana catharinensis A.DC: Technical and
economical analysis. Journal of Supercritical Fluids, The 40:232-238.
Peterson A, Machmudah S, Roy BC, Goto M, Sasaki M, Hirose T. 2006. Extraction
of essential oil from geranium (Pelargonium graveolens) with supercritical
carbon dioxide. Journal of Chemical Technology & Biotechnology 81:167172.
Phipps SM, Sharaf MHM, Butterweek V. 2007. Assessing Antioxidant Activity in
Botanicals and Other Dietary Supplements. Pharmacopeial Forumm 33:810 814.
Piantino CR, Aquino FWB, Follegatti-Romero LA, Cabral FA. 2008. Supercritical
C()2 extraction of phenolic compounds from Baccharis dracunculifolia. The
Journal of Supercritical Fluids 47:209-214.
Pittlcr MU, Guo R, Ernst E. 2008. Hawthorn extract for treating chronic heart failure.
Cochrane Database Syst Rev 23.
Polescllo S, Lovati F, Rizzolo A, Rovida C. 1993. Supercritical Fluid Extraction as a
Preparative Tool for Strawberry Aroma Analysis. Journal of High Resolution
Chromatography 16:555-559.
Poulose SM, Harris ED. Patil BS. 2005. Citrus limonoids induce apoptosis in human
neuroblastoma cells and have radical scavenging activity. Journal of Nutrition
135:870-877.
Pourmorad F, Hosseinimehr SJ, Shahabimajd N. 2006. Antioxidant activity, phenol
and llavonoid contents of some selected Iranian medicinal plants. African
Journal of Biotechnology 5:1142 - 1145.
Pourmortazavi SM, Hajimirsadeghi SS. 2007. Supercritical fluid extraction in plant
essential and volatile oil analysis. Journal of Chromatography A 1163:2-24.
Prior RL, Wu X, Schaich K. 2005. Standardized Methods for the Determination of
Antioxidant Capacity and Phenolics in Food and Dietary Supplements. Journal
of Agricultural and Food Chemistry 53:4290 - 4302.
Proestos C, Spyridon Boziaris I, Kapsokefalou M, Komaitis M. 2008. Natural
Antioxidant Constituents from Selected Aromatic Plants and Their

143

Antimicrobial Activity Against Selected Pathogenic Microorganisms. Food
Technology and Biotechnology 46:151 - 156.
Punchard NA, Kelly FJ. 1996. Free Radicals, A Practical Approach. New York;
Oxford University Press.
Punin Crespo MO, Lage Yusty MA. 2005. Comparison of supercritical fluid
extraction and Soxhlet extraction for the determination of PCBs in seaweed
samples. Chemosphere 59:1407-1413.
Raeissi S, Diaz S, Espinosa S, Peters CJ, Brignole EA. 2008. Ethane as an alternative
solvent for supercritical extraction of orange peel oils. The Journal of
Supercritical Fluids 45:306-313.
Ramsey ED. 1998. Analytical supercritical fluid extraction techniques. The
Netherlands: Kluwer Academic Publishers.
Reid RC, Prausnitz JM, Poling BE. 1987. The Properties of Gases & Liquids. United
States of America; McGraw-Hill.
Rcvcrchon E, Dc Marco I. 2006. Supercritical fluid extraction and fractionation of
natural matter. The Journal of Supercritical Fluids 38:146-166.
Rice-Evans CA, Burdon RH.
Amsterdam: Elsevier.

1994. Free Radical Damage and its Control.

Roby MHH, Sarhan MA, Selim KA-H, Khalel KI. 2013. Evaluation of antioxidant
activity, total phenols and phenolic compounds in thyme (Thymus vulgaris
L.), sage (Salvia officinalis L.), and marjoram (Origanum majorana L.)
extracts. Industrial Crops and Products 43:827-831.
Rodrigues MR, Krause EC, Caramao EB, dos Santos JG, Dariva C, Vladimir de
Oliveira J. 2004. Chemical composition and extraction yield of the extract of
Origanum vulgare obtained from sub- and supercritical C02. J Agric Food
Chem 52:3042-3047.
Rodn'guez-Carpena JG, Morcuende D, Estevez M. 2011. Avocado by-products as
inhibitors of color deterioration and lipid and protein oxidation in raw porcine
patties subjected to chilled storage. Meat Science 89:166-173.
Rozzi NL, Phippen W, Simon JE, Singh RK. 2002. Supercritical Fluid Extraction of
Essential Oil Components from Lemon-Scented Botanicals. LebensmittelWissenschafr und-Technologie 35:319-324.
Safaralie A, Fatemi S, Salimi A. 2008. Experimental design on supercritical
extraction of essential oil from valerian roots and study of optimal conditions.
Food and Bioproducts Processing 88:312-318.

144

Saldana MDA, Mohamcd RS, Baer MG, Mazzafera P. 1999. Extraction of Purine
Alkaloids from Mate (Ilex paraguariensis) Using Supercritical C02. Journal of
Agricultural and Food Chemistry 47:3804-3808.
Sales JM, Resurreccion AVA. 2009. Maximising resveratrol and piceid contents in
UV and ultrasound treated peanuts. Food Chemistry 1 17:674-680.
Salgin U, Doker O, (^ahmh A. 2006. Extraction of sunflower oil with supercritical
C02: Experiments and modeling. The Journal of Supercritical Fluids 38:326331.
Samec D, Piljac-Zegarac J. 2011. Postharvest stability of antioxidant compounds in
hawthorn and cornelian cherries at room and refidgerator temperatures—
Comparison with blackberries, white and red grapes. Scientia Horticulturae
131:15-21.
Scalia S, Giuffreda L, Pallado P. 1999. Analytical and preparative supercritical Huid
extraction of Chamomile flowers and its comparison with conventional
methods. Journal of Pharmaceutical and Biomedical Analysis 21:549-558.
Schaefer DM, Liu Q, Faustman C, Yin MC. 1985. Supra-nutritional administration of
vitamins E and C improves oxidative stability of beef
Journal of Nutrition 125:1792S- 1798S.
Sehorans FJ, Ibanez E, Cavero S, Tabcra J, Rcglcro G. 2000. Liquid
chromatographic-mass spectrometric analysis of supercritical-nuid extracts of
rosemary plants. Journal of Chromatography A 870:491-499.
Shan B, Cai Y-Z, Brooks JD. Corke H. 2007. The in vitro antibacterial activity of
dietary spice and medicinal herb extracts. International Journal of Food
Microbiology 117:112-119.
Shi J, Yi C, Xue SJ, Jiang Y, Ma Y, Li D. 2009. Effects of modifiers on the profile of
lycopene extracted from tomato skins by supercritical C02. Journal of Food
Engineering 93:431-436.
Shi J, Yi C, Ye X, Xue S, Jiang Y, Ma Y, Liu D. 2010. Effects of supercritical C02
fluid parameters on chemical composition and yield of carotenoids extracted
from pumpkin. LWT - Food Science and Technology 43:39-44.
Simandi B, Oszagyan M, Lemberkovics E, Kery A, Kaszacs J, Thyrion F, Matyas T.
1998. Supercritical carbon dioxide extraction and fractionation of oregano
oleoresin. Food Research International 31:723-728.
Sill GM, Draper HH. 1978. A Survey of the Malonaldehydc Content of Retail Meats
and Fish. Joumal of Food Science 43:1147-1149.

145

Smclccrovic A, Lcpojevic Z, Djordjcvic S. 2004. Sub-and Supercritical C02Extraction of Hypericum perforatum L. Chemical Engineering & Technology
27:1327-1329.
Smith P, Stewart, Fyfe. 1998. Antimicrobial properties of plant essential oils and
essences against five important food-borne pathogens. Letters in Applied
Microbiology 26:118-122.
Sodcifian G, Ansari K. 2011. Optimization of Ferulago Angulata oil extraction with
supercritical carbon dioxide. The Journal of Supercritical Fluids 57:38-43.
Sokol-L^towska A, Oszmiahski J, Wojdylo A. 2007. Antioxidant activity of the
phenolic compounds of hawthorn, pine and skullcap. Food Chemistry
103:853-859.
Sottomayor M, Lopez-Serrano M, DiCosmo F, Ros Barcclo A. 1998. Purification and
characterization of [alpha]-3',4'-anhydrovinblastine synthase (peroxidase-like)
from Catharanthus roseus (L.) G. Don. FEES Letters 428:299-303.
Stashenko EE, Puertas MA, Combariza MY. 1996. Volatile secondary metabolites
from Spilanthes amcricana obtained by simultaneous steam distillationsolvent extraction and supercritical fluid extraction. Journal of
Chromatography A 752:223-232.
Stef DS, Gergen 1, Trasca TI, Harmanescu M, Lavinia S, Ramona B, Heghedus MG.
2009. Total antioxidant and radical scavenging capacities for different
medicianl herbs. Romanian Biotechnological Letters 14:4704 - 4709.
Steytlcr D GA, Lewis M. 1996. Separation processes in the food and biotechnology
industries: Principles and applications. England: Woodhead Publishing Ltd.
Stiiber F, Vazquez AM, Larrayoz MA, Recasens F. 1996. Supercritical Fluid
Extraction of Packed Beds: External Mass Transfer in Upflow and Downflow
Operation. Industrial & Engineering Chemistry Research 35:3618-3628.
Subra P, Castcllani S, Jestin P, Aoufi A. 1998. Extraction of P-carotenc with
supercritical fluids: Experiments and modelling. The Journal of Supercritical
Fluids 12:261-269.
Tachakittirungrod S, Okonogi S, Chowwanapoonpohn S. 2007. Study on antioxidant
activity of certain plants in Thailand: Mechanism of antioxidant action of
guava leaf extract. Food Chemistry 103:381-388.
Tadic VM, Dobric S, Markovic GM, Dordevic SM, Arsic lA, Menkovic NaR, Stevie
T. 2008. Anti-inflammatory, Gastroprotective, Free-Radical-Scavenging, and
Antimicrobial Activities of Hawthorn Berries Ethanol Extract. Journal of
Agricultural and Food Chemistry 56:7700-7709.
Tang SZ, Ou SY, Huang XS, Li W, Kerry JP, Buckley DJ. 2006. Effects of added tea
catechins on colour stability and lipid oxidation in minced beef patties held
146

under aerobic and modified atmospheric packaging conditions. Journal of
Food Engineering 77:248-253.
Tapp WN, Yancey JWS, Apple JK, Dikeman ME, Godbee RG. 2012. Noni puree
(Morinda citrifolia) mixed in beef patties enhanced color stability. Meat
Science 91:131-136.
Tassell M, Kingston R, Gilroy D, Lehane M, Furey A. 2010. Hawthorn (Crataegus
spp.) in the treatment of cardiovascular disease. Pharmacognosy Reviews
4:32-41.
Tortora GJ, Derrickson B. 2006. Principles of Anatomy and Physiology United States
of America: John Wiley & Sons, Inc.
Tsao R. 2010. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients 2:1231
- 1246.
Turker AU, Yildirim AB, Karakas FP. 2012. Antibacterial and Antitumor Activities
of Some Wild Fruits Grown in Turkey. Biotechnology & Biotechnological
Equipment 26:2765 - 2772.
Ueda S, Nakamura H, Masutani H, Sasada T, Takabayashi A, Yamaoka Y, Yodoi J.
2002. Baicalin induces apoptosis via mitochondrial pathway as prooxidant.
Molecular Immunology 38:781 -791.
Vanamala J, Lconardi T, Patil BS, Taddeo SS, Murphy ME, Pike LM, Chapkin RS,
Lupton JR, Turner ND. 2006. Supression of colon carcinogenesis by bioactive
compounds in grapefruit. Carcinogenesis 27:1257-1265.
Vaughn Katherine LS, Clausen Edgar C, King Jerry W, Howard Luke R, Julie CD.
2008. Extraction conditions affecting supercritical fluid extraction (SFE) of
lycopene from watermelon. Bioresource Technology 99:7835-7841.
Velasco MVR, Tano CTN, Machado-Santelli GM, Consiglieri VO, Kaneko TM,
Baby AR. 2008. Effects of caffeine and siloxanetriol alginate caffeine, as
anticcllulitc agents, on fatty tissue: histological evaluation. Journal of
Cosmetic Dermatology 7:23-29.
Venskutonis PR, Skemaite M, Ragazinskicnc O. 2007. Radical scavenging capacity of
Agrimonia eupatoria and Agrimonia procera. Fitoterapia 78:166-168.
Venskutonis PR, Skemaite M, Sivik B. 2008. Assessment of radical scavenging
capacity of Agrimonia extracts isolated by supercritical carbon dioxide. The
Journal of Supercritical Fluids 45:231-237.
Verma A, Hartonen K, Rickkola M-L. 2008a. Optimisation of supercritical fluid
extraction of indole alkaloids from Catharanthus roseus using experimental
design methodology—comparison with other extraction techniques.
Phytochcmical Analysis 19:52-63.

147

Vcrma N, Khosa RL, Pathak AK. 2008b. Antioxidant and Free Radical Scavenging
Activity of Fruits oi'Ficus bengalensis Linn. Pharmacologyonline 3:206 - 215.
Veveris M, Koch E, Chatterjee SS. 2004. Crataegus special extract WS® 1442
improves cardiac function and reduces infarct size in a rat model of prolonged
coronary ischemia and rcperfiision. Life Sciences 74:1945-1955.
Wang L, Yang B, Du X, Yi C. 2008. Optimisation of supercritical fluid extraction of
flavonoids fiom Pucraria lobata. Food Chemistry 108:737-741.
Watkins F, Pendry B, Sanchez-Mcdina A, Corcoran O. 2012. Antimicrobial assays of
three native British plants used in Anglo-Saxon medicine for wound healing
formulations in 10th century England. Journal of Ethnopharmacology
144:408-415.
Weathers RM, Bcckholt DA, Lavclla AL, Danielson ND. 1999. Comparison Of
Acetals As In Situ Modifiers For The Supercritical Fluid Extraction of [1Carotene From Paprika With Carbon Dioxide. Journal of Liquid
Chromatography & Related Technologies 22:241-252.
Weerakkody NS, Caffin N, Turner MS, Dykes GA. 2010. In vitro antimicrobial
activity of less-utilized spice and herb extracts against selected food-borne
bacteria. Food Control 21:1408-1414.
Wojdylo A, Oszmiahski J, Czemerys R. 2007. Antioxidant activity and phenolic
compounds in 32 selected herbs. Food Chemistry 105:940-949.
Wu C-R, Huang M-Y, Lin Y-T, Ju H-Y, Ching H. 2007. Antioxidant properties of
Cortex Fraxini and its simple coumarins. Food Chemistry 104:1464-1471.
Wu J-H, Tung Y-T, Wang S-Y, Shyur L-F, Kuo Y-H, Chang S-T. 2005. Phenolic
Antioxidants from the Heartwood of Acacia confusa. Journal of Agricultural
and Food Chemistry 53:5917-5921.
Yang C, Xu Y-R, Yao W-X. 2002. Extraction of Pharmaceutical Components from
Ginkgo biloba Leaves Using Supercritical Carbon Dioxide. Journal of
Agricultural and Food Chemistry 50:846-849.
Yi C, Shi J, Xuc SJ, Jiang Y, Li D. 2009. Effects of supercritical fluid extraction
parameters on lycopene yield and antioxidant activity. Food Chemistry
113:1088-1094.
Yildiz-Turp G, Serdaroglu M. 2010. Effects of using plum puree on some properties
of low fat beef patties. Meat Science 86:896-900.
Yilmaz EE, Ozvural EB, Vural H. 2011. Extraction and identification of
proanthocyanidins from grape seed (Vitis Vinifera) using supercritical carbon
dioxide. The Journal of Supercritical Fluids 55:924-928.

48

Yoo KM, Lee CH, Lee H, Moon B, Lee CY. 2008. Relative antioxidant and
cytoproteetive activities of common herbs. Food Chemistry 106:929-936.
Yu J, Dandekar DV, Toledo RT, Singh RK, Patil BS. 2007. Supercritical fluid
extraction of limonoids and naringin from grapefruit (Citrus paradisi Macf)
seeds. Food Chemistry 105:1026-1031.
Zaika LL. 1988. SPICES AND HERBS: THEIR ANTIMICROBIAL ACTIVITY
AND ITS DETERMINATION!. Journal of Food Safety 9:97-118.
Zarena AS, Sachindra NM, Udaya Sankar K. 2012. Optimisation of ethanol modified
supercritical carbon dioxide on the extract yield and antioxidant activity from
Garcinia mcmgostaua L. Food Chemistry 130:203 - 208.
Zhang Z, Chang Q, Zhu M, Huang Y, Ho WK, Chen Z. 2001. Characterization of
antioxidants present in hawthorn fiuits. J Nutr Biochem 12:144-152.
Zink DL. 1997. The impact of consumer demands and trends on food processing.
Emerging Infectious Diseases 3:467 - 469.

149

